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RÉSUMÉ 
A u courant des dernières décennies, de plus en plus de terres agrico les ont été 
abandonnées. Bien que les causes pui s ent être différentes, le phénomène est observé dans 
plusieurs régions du mond e. Suite à 1 ' abandon, la success ion végéta le mène parfoi s à une 
afforestation nature lle dominée par que lques espèces d ' arbres anémochores. Dans d ' autres 
cas, la végétation rudérale inhibe pendant de nombreuses années l' établi ssement ou la 
cro issance des espèces forestières. Plus ieurs proj ets de reboisement ont été instaurés avec une 
attenti on portée sur les relations de compétition et de prédation. Or, des relations de 
facilitation ou de tolérance peuvent auss i s' observer entre la végétation herbacée et les j eunes 
arbres plantés. Les relations entre les microorganismes du so l et les arbres vont quant à elles 
des effet pathogènes au mu tuai isme. Ces re lati ons pos itives, neutres ou négatives sont 
influencées pa r les facteurs environnementaux comme l' humidité du sol et la di sponibilité 
des nutriments du sol. 
Notre proj et ava it pour but d 'analyser les effets de plusieurs interactions biotiques sur 
1 'établissement des arbres dans une optique de restauration forestière de terres agricoles 
abandonnées. Nous avons donc étudié les re lati ons de compétition, ma is auss i de fac ilitation 
et de to lérance entre les plantes herbacées et les arbres, la prédation des semences et des 
semis, ainsi que les effets des microbes de sol forestier sur les arbres. 
Un premier dispositif expérimenta l en champ nous a permis d 'évaluer les effets (pos it ifs , 
neutres ou négati fs) de la végétation herbacée ainsi que les effets de la prédation sur la 
germination, la sw-vie et la croissance de six es pèces d 'arbres indigènes. Nos hypothèses 
XVI 
étaient que les taux de getmination et de survie augmentera ient avec la taille des semences et 
que la végétation herbacée aurait des effets pos itifs sur la germination de l'espèce tolérante à 
l' ombre, mais négatifs sur les espèces intolérantes à l' ombre. Les espèces ayant de pet ites 
semences ont peu ou pas germé, mis à part le pin rouge dont la survie après un an était très 
faible. Le chêne rouge, l'espèce ayant les plus larges semences, a eu les taux de gemùnation 
et de surv ie les plus é levés. Aucune prédation n ' a été observée et la végétation herbacée n' a 
eu aucun effet, mis à part des effets négatifs sur le diamètre des semi s de chêne rouge. Nos 
résultats supportent les hypothèses que la taille des semences influence le succès de 
l' ensemencement en champ et que l' ensemencement peut se faire dans la végétation herbacée. 
Un second dispositif expérimental a été utili sé afi n d 'évaluer les effets de la végétat ion 
herbacée et ceux de la prédation par les petits mammifères sur huit espèces d ' arbres plantés. 
Les s ix espèces feuillues et deux espèces de coni fères retenues varient en taux de cro issance 
et en tolérance à l 'ombre. Il était attendu que les espèces tolérantes à l'ombre auraient des 
meilleurs taux de survie dans la végétation herbacée que les espèces into lérantes à 1 ' ombre, 
ma is des taux de croissance inféri eurs. Nous croy ions auss i que la prédation serait plus 
imp01iante sur les arbres poussant dans la végétation ou entourés de paillis, car les petits 
mammifères y seraient davantage à l' abri de leurs prédateurs que dans les parcelles sans 
végétation. Cette dernière hypothèse s ' est confi rmée sur le terrain. La prédation éta it la 
principale cause de mortalité. Les espèces les plus vu lnérables furent les espèces de bouleau. 
La végétation herbacée a eu des effets négatifs (compétition) sur la survie des deux espèces 
non-pionnières et modérément tolérantes à 1 'ombre, des effets positifs (facilitation) sur la 
surv ie de l'espèce de conifère au système racLnaLre superfi c ie l (mé lèze laric in) et 
principalement des effets neutres (to lérance) sur la survie des cinq autres espèces d ' arbres. 
Elle a eu de effets de compétition sur la cro issance de toutes les espèces feu illues et pour la 
croissance des coni fères , e ll e a eu des effets de faci li tation ou encore aucw1 effet (to lérance). 
Dans le dernier volet de la thèse, nous avons étudié les effets des nùcrobes de sol 
forestier sur des arbres plantés en champ. Plus ieurs microorganismes te ls que les mycorhizes 
facilitent la croissance des plantes et des arbres. Comme cetia ines espèces, e .g. champignons 
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ectomycorhiziens, sont moins abondantes et diverses dans les sols des te1res agricoles 
abandonnées, elles pourraient être inoculées en aj outant du so l fo restier et avoir un effet 
positif sur les jeunes arbres plantés. Parmi les communautés de so l fo restier se trouvent 
toutefois des organi smes pathogènes qui , selon l' hypothèse de Janzen-Co1mell, sont partagés 
entre des semi s et des individus matures d' une même espèce. Afin de tester ces hypothèses, 
nous avons aj outé autour de jeunes arbres plantés en champ de petites quan tités de so l issu de 
différentes forêts dominées par des arbres de la même espèce que les arbres plantés en champ 
ou encore dominées par une autre espèce. Nous en avons évalué les effets sur la survie et la 
croissance des arbres ainsi que sur la colonisation mycorhizienne des racines. Te l qu 'attendu, 
la croissance des espèces d' arbres ectomycorhi ziennes a davantage été influencée par l' aj out 
de sol forestier que celle des espèces endomycorh iziennes. Toutefoi s, peu d ' effets ont 
persisté au-delà de la tTo isième saison de croissance. Ces résul tats sont probablement dus au 
fait que l' ancien champ utili sé pour l' étude était d ' une part, dominée par des espèces 
herbacées endomycorhiziennes et d 'autre part, relativement fertile en possédant des taux 
élevés en phosphore. La croissance d ' une seule espèce d 'arbre (chêne rouge) a été 
négativement affectée par 1' inoculation de sol collecté sous des individus de la même espèce, 
ce qui tend à confirmer que l' hypothèse de Janzen-Connell n'est pas auss i commune en forêt 
tempérée qu ' en fo rêt tropicale. 
En sonune, cette thèse démontre que les interactions biotiques affectant les jeunes arbres 
influencent le succès de la restauration forestière et que les teclmiques de restauration 
utilisées doivent être adaptées selon les caractéri stiques des espèces d' arbres et les conditions 
environnementales. E lle propose éga lement que la restauration doit être planifiée à l'échelle 
du semis plutôt qu ' uniformément à l' échelle du site, dans une optique de resta uration de 
précision. 
Mots Clefs : Terres agricoles abando nnées, restauration, plantation d'arbres, ensemencement, 
germination, établissement, survie, croissance, prédation, fa ci 1 itati on, tolérance, compétition, 
microorganismes de so l, mycorhizes, rétroaction négative, hypothèse de Janzen-Connell. 

INTRODUCTION 
0.1 TetTes agr-icoles abandonnées 
Depui s des millénaires, l' huma in a coupé des arbres et défriché les terres afin de les 
cultiver. En Amérique du Nord, la colonisation et la culture des terres remontent toutefois à 
quelques centa in es d ' années seul ement (Ramankutty et Foley, 1999a). Pui s, une révo lution 
verte s ' in staurant dès la fin de la deuxième guerre mondiale, mais s ' imposant dans les années 
1970, transforme radi calement les méthodes de culture en proposant l' utilisati on de nouve lles 
semences, de fertili sants, de pesti c id es, d ' irrigati on et de mach in erie lourde (Rosset, 2000). 
Cette intensification et cette industria lisation de l'agriculture ont mené à l' abandon de terres 
agrico les plus marginales au courant des dernières décennies (Domon et al. , 1993; 
Ramankutty et Foley, 1999a, 1999b; MacDonald et al. , 2000). Par exemple dans le sud-ouest 
québécois, les techniques de drainage et l' utili sation de la machinerie lourde ont favori sé une 
transition des cultures vers les so ls argileux mal dra inés au détr iment des terres agricol es sur 
sols caillouteux bien drainés (Domon et Bouchard, 2007) . 
Les terres agrico les abandonnées ont été particulièrement nombreuses dans le nord-est 
de l'Amérique comme par exemple dans le sud de l' Ontario et du Québec (Ramankutty et 
Foley, 1999b ). L 'abandon des cultures et pâturages est auss i observé en E urope et en Asie 
(Hunziker et Kienast, 1999; Ramankutty et Foley, 1999b), en Australie (Sun et al., 1995; 
Doust et a l. 2006; 2008), en Amérique centrale (Hooper et al. , 2002, 2005), en Amérique du 
Sud (Engel et Pan otta, 2001; Sampaio et al. , 2007) ainsi que dans les régions où l' on pratique 
l' agriculture sur brûlis (e.g. Bonill a-Moheno et Holl , 2010) . 
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Certaines terres abandonnées sont reco loni sées par la forêt (Ramankutty et Fo ley, 1999a, 
1999b; Hunziker et Kienast, 1999). Dans d 'autres cas toutefo is, les communautés herbacées 
ou arbustives inhibent l'établi ssement et la croissance des arbres pendant de nombreuses 
années (Niering et Goodwin, 1974; Benj amin et al. , 2005). La succession végéta le sur les 
terres agri co les abandonn ées peut éga lement être influencée par l' utili sation passée du site 
(de Blois et al., 200 1). Ainsi, la success ion suite à l' abandon d ' un pâturage diffère de celle 
suite à l' abandon d ' un champ en culture (Stover et Marks, 1998; Benj amin et al. , 2005). Par 
exemple, les anc iens pâturages sont plus propices à une végétati on ligneuse, arbu stive ou 
arborescente, comme le e pèces de pommiers, poirier , nerpruns et aubépines qui ont pu 
s'établir en raison d ' un broutage sélectif(Stover et Mar ks, 1998). 
La co loni sation des terres agricoles abandonnées par les arbres demeure néanmoins 
limitée par la fragmentation des îl ots forestiers rés idue ls et par une absence de géniteur 
(McEuen et CWTan, 2004) . Le nombre de graines et le nombre d' espèces présentes dans la 
pluie de semences et la banque de semences du sol diminuent en fonction de la di stance à une 
fo rêt adjacente (Zimmerman et al. , 2000). Dans le nord-est américa in, les espèces d 'arbres 
qui colonisent le frîches herbacées sont souvent de e pèce pionn ières dont les grai nes sont 
fac ilement dispersées par le vent comme le peuplier faux-tremble, le bouleau gris, l'érable 
rouge, le frêne d'Amérique et le frêne rouge (Hill et al. , 1995; D' Orangeville et al., 2008) . 
Les espèces barochores qui ont des gra ines plus vo lumineuses comme les chênes, les caryers 
et les noyers, se retrouvent rarement dans la strate de régénérati on des tetTes agricoles 
abandonnées et somme toute, la diversité arborescente y demeure assez faible (D 'Orangeville 
et al. , 2008). Cependant, les espèces exotiques sont fréquentes. Dans les vieux champs 
abandonnés du nord-est américa in, e lles peuvent représenter j usqu' à un t iers des espèces 
herbacées et un quart des e pèces ligneuses (Stover et Marks, 1998). 
0.2 Re tauration fore tièl-e 
En raison de leur uscept ibilité aux e pèces exotiques envahissa ntes, de la lente 
succession végéta le et de la fa ible divers ité arborescente qu'on y retrouve, les terres agricoles 
abandonnées offrent un grand potentiel de restauration éco logique. La restauration 
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éco logique telle que défini e par la « Society for Ecological Restoration International Science 
& Policy Worki.ng Group » (2004) est un processus qui initie, assiste ou accélère le 
rétabli ssement d ' un écosystème qui a été dégradé, endommagé, transformé ou détruit 
directement ou indirectement par l ' act iv ité humaine. En un sens, c ' est la manipulation des 
processus de succession dans le but de réaliser des obj ectifs de restauration de paysages 
perturbés (Hobbs et al., 2007). E n o utre, les activ ités de restauration peuvent être ut ilisées 
dans le but d ' améliorer ou de soutenir les biens et serv ices, inc luant les préférences sociétales 
et esthétiques (Ho bbs et Norton, 1996). U ne étude québéco ise a montré que les terres 
abandonnées dominées par les herbacées ou les arbustes sont généra lement ma l perç ues et 
peu appréciées par les habitants des paysages ruraux (Benj amin et a l. 2007). Les au tems 
suggèrent de convertir ces milieux en plantati ons fo resti ères qui bénéfi c ient d ' une perception 
p lus positive (Benj amin et al., 2007) . Par a illeurs, la maj orité des personnes interrogées dans 
le cadre d ' une étude sur les perceptio ns de 1 'afforestation des vieux ch amps des Alpes Suisse 
préfère des paysages parti e llement reboisés et très diversifiés plutôt que de grandes pa rcelles 
forestières homogènes (Hunziker, 1995). 
La restauration de terres agrico les abandonnées peut auss i contribuer à rétab li r 
l' abondance de cetta ines espèces d ' arbres. Par exemple, le hêtre à grandes fe uill es, le bouleau 
j aune, la pruche du Canada, le mélèze lari c in et l' épinette no ire fo nt pa rt ie de ces espèces qui 
éta ient autrefo is plus fréquentes dans le doma ine c limacique auj ourd ' hui dominé par 
l' érablière à caryer (Brisson et Bouchard , 2003 ; D omon et B ouchard, 2007). 
0.3 Interactions biotiques 
La compréhension des interactio ns bi otiques entre les plantes herbacées, les he rbivores, 
les microorganismes des sols et les arbres p eut a ide r à bien planifier les plantations 
fo restières menées dans un obj ectif de restauration des terres abando nnées . Les arbres sont 
suj ets à plusieurs interactions posit ives, telles que la fac ilitation et le mutua lisme, neu tres 
(to lérance) et négatives, te lles que la compét ition, la prédation et la pathogéni c ité. Les 
re lations peuvent var ier en fo nction des espèces en in teraction, de lem cycle de vie, mais 
aussi en fonction des conditions abiotiques du milieu. Savoir par exemple dans quelles 
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conditions les interacti ons entre plantes et semi s d'arbres sont positi ves ou négatives permet 
de fa ire une utili sation appropriée des techniques de maîtrise de la végétation herbacée. 
0.3.1 Facilitation, tolérance et compétition 
Les relations entre les arbres et les plantes herbacées évoluent de la facilitation à la 
compétition. La facilitation réfère aux in teractions pos itives ayant lieu entre des plantes 
phys iologiquement indépendantes, mais qui sont re liées à travers un environnement abiotique 
ou par d 'autres organi smes (Brooker et al., 2008). Les bénéfi ces de la fac ili tation seraient 
plus importants dans des milieux où les conditions de cro issance sont plus diffici les com me 
les déserts, les toundras, les milieux a lpins, etc. (B rooker et al., 2008; G6mez-Aparicio, 
2009). De plus, la fac ili tation s 'observera it davantage dans les milieux secs, ma is si l' eau 
redev ient d isponible, la re lation peut en devenir une de compétition (Ho lmgren et al. , 1997). 
En fa it, selon l' hypothèse du gradient de stress (stress -gradient hypothesis), la facilitation a 
lieu principalement dans les environnements rigoureux alors que la compétition est présente 
dans les environnements plus productifs (Bertness et Callaway, 1994; Callaway et Walker , 
1997). 
Les effets de facilitation, comme une augmentation des taux de gennination et de survie, 
une meilleure croissance ou une amélioration de la valew- adaptative (jitness) des semis 
(Callaway, 1997), peuvent être produi ts par la canopée de pl antes protectrices ou en angla is 
«nurse plants » (Ca ll away et Walker, 1997; Holmgren et al. , 1997; Padilla et Pugnaire, 2006) . 
Ces plantes, souvent des arbustes, permettent d ' offr ir un milieu plus ombragé et plus humide 
à d 'autres plantes qui ne pourra ient pas se développer sans elles. Le concept de « nurse 
plants» est aujourd' hui utili sé dans diffé rents mil ieux avec d' autres types de fac ilitat ion pour 
les plantes et senlis de leur voisinage. Par exemple, certaines favorisent la protection contre la 
prédat ion (e.g. des arbuste ép ineux qui protègent les sem is du broutage), les échanges de 
nutrin1ents (e.g. des !égun1ineuses qui fixent l'azote) ou !'attrait des po!!inisateurs (Benjan1 in 
et al., 2005; Padil la et Pugnaire 2006). Les arbustes peuvent auss i protéger les semis d 'arbres 
contre l'envahissement des communautés herbacées (Ca llaway et Walker, 1997; Padilla et 
5 
Pugnaire, 2006), bien que les plantes herbacées n'aient pas nécessairement un effet négatif 
sur les j eunes arbres. 
Se lon une méta-ana lyse fa ite par G6mez-A paric io (2009), la végétation herbacée vo is ine 
a généra lement un effet pos iti f sur l' émergence des arbres, ma is pour la survie et la 
cro issance, les re lations neutres ou négatives prédominent. La présence de la végétation 
herbacée fac ilite la germinati on de ce rta ines espèces aux grandes semences comme le frêne et 
l'érabl e en offrant un microenv ironnement plus humide qu ' un sol à nu (De Steven , 199 l a) . 
E lle peut aussi augmenter les probabilités de surv ie des semi s d 'érable à sucre (Berkow itz et 
al., 1995) et n ' avo ir aucun effet sur la survie du frêne rouge, du frêne d 'Amérique et du 
chêne rouge (Labrecque, 2002; Robitaille, 2003) . La facilitation de la survie ne suivrait donc 
pas l' hypothèse du gradient de stress (SGH) pui squ ' e lle peut avoi r li eu dans des 
environnements productifs alors que la faci litation de la croissance est habituellem ent 
restreinte aux environnements plus difficiles (Goldgerg et al., 1999). 
Selon Grime (1977, 2007), la compétition serait auss i influencée par l' environnement 
car elle serait moins importante dans les milieux peu productifs car il y a m oms de 
compéti teur . Selon T ilman (1 982, 2007), la compétition est présente dans tous les 
env ironnements, mais la ressource po ur laque ll e les plantes se font compétition change selon 
le niveau de productiv ité (e.g. la lumi ère dans les environnements productifs ou les 
ressources du so l dans les env ironnements moins productifs) . La compétition se caractéri se 
par son inten ité, son impo1iance et sa durée. L ' intensité de la compétition réfère à 1 ' effet 
abso lu d ' une plante sur une autre (Welden et Slauson , 1986). Selon Grime, l' intensité 
augmente donc plus il y a de ressources (milieux productifs) et se lon T ilman, l' intensité 
pourra it être grande même dans les mili eux pauvres. Les conclusions des travaux menés par 
Davis et al. (1998) penchent davantage du côté de Tilman que du côté de Grime en montrant 
que 1' intensité de la compétition sera it inversement corrélée à 1 'offre des ressources. Il s ont 
o bservé que l' intensité de la compétition par la végétation herbacée sur des semis de chêne 
éta it plu s grande lorsque la biomasse herbacée et l' humidité du sol était fa ibles. 
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L ' importance de la compétition réfère quant à e lle à l'effet relatif d 'une plante sur une 
autre en incluant tous les autres facteurs envirmmementaux pouvant affecter la plante 
(Welden et Slauson, 1986). Ains i, l' étude de Laliberté (2006) a montré que malgré une 
grande biomasse herbacée, la compétition pour l' eau ne füt pas un facteur limitant la 
croissance de l'érable à sucre, du frêne rouge et du chêne à gros fru its plantés en champ en 
raison de l' absence de stress hydrique. La croissance de ces semis a plutôt été limitée dans les 
zones moins é levées du champ qui avaient une trop grande humidité (La liberté, 2006). 
La durée de la compétition serait plus importante que l' intensité initia le de compétition 
en étant re lative au temps requis pour qu ' un sem is dépasse la canopée herbacée ou arbustive 
(Hill et al., 1995). En nùlieu tropical, les espèces d'arbres ensemencées en champ qui ont de 
larges semences et qui sont modérément à hautement tolérantes à l'ombre germent et 
survivent bien sous le couve11 herbacé (Hooper et al., 2002; Doust et al., 2006). Cependant, 
lem croissance relativement lente retarde la restamation du site alors que les espèces de début 
de succession, aya nt généra lement de petites semences, peuvent croître rap idement au-delà de 
la canopée herbacée, mais leur étab lissement est limi té par la compétition herbacée (Doust et 
al., 200~). 
Au-delà de la compétition, se trouve 1' allélopathie qui se définit comme 1 'effet néfaste 
d ' une plante su r une autre v ia la prod uction de composés chimiques libérés dans 
l' environnement (Horsley, 1977; Fisher et al., 1978). Certaines espèces herbacées formant de 
denses communautés comme les verges d'or, les asters ou l'érigéron du Canada (Erigeron 
canadensis) aura ient la capac ité de produire des substances toxiques (Fisher et al. , 1978 ; 
Monk, 1983). Blll1on et Bazzaz (1995) ont observé que les commu nautés de verge d ' or 
dinunuaient la capacité photosynthétique des semis d ' arbres et lem efficacité d ' utilisation de 
l' eau, en réduisant la disponibilité de N03 dans le sol. En raison d' un manque de répétabilité 
des résultats de expérience et d'ab ence d'exp licat ion précise du rôle des composés 
ch imiques ém i , le effet allélopatluques de plantes herbacées des champs sm les enùs 
d ' arbres demeurent pour le moment hypothét iques (de Blois et al. , 2004). 
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Au milieu du gradi ent fac ilitation - compétition se trouve la tolérance qui réfère à 
l' absence d ' effet apparent des plantes sur les semis d 'arbres. Cependant, la to lérance peut 
aussi résul ter de la somme nulle des effets négatifs et des effets posit ifs de la végétat ion 
herbacée sur les j eunes arbres . La fac ilita tion, l' inhibition (reliée aux effets de compétiti on) et 
la tolérance se retrouvent dans les trois scénarios de success ion proposés par Connell et 
Slatyer (1977) . Dans le modèle de fac ilitation, les espèces de début de succession (e .g. les 
communautés herbacées) modifient 1 ' environnement de façon à le rendre plus approprié pour 
les espèces de succession avancée (e.g. les arbres). Dans le modèle d' inhibition, les espèces 
pionnières (les plantes herbacées) accaparent l' espace et les ressources de smie qu ' e lles 
inhibent l' établi ssement des espèces arborescentes ou ralentissent la cro issance de celles qui 
sont déjà là. F inalement, dans le modèle de la to lérance, les modifications de l' environnement 
fa ites par les espèces pionnières n' augmentent pas et ne diminuent pas les taux 
d ' établi ssement et de cro issance des espèces de success ion tardive, ma is celles-ci poussant 
plus lentement et vivant plus longtemps, e lles remplacent éventue ll ement les espèces 
pionnières (Conne ll et Slatyer, 1977). Pruiageant des mécanismes communs, comme la 
réduction de croissance ou la tolérance aux ressources limi tées, les deux derniers modè les ne 
sera ient pas entièrement distincts et des a ltern ru1ces entre les trois modèles ex istent au courant 
du cyc le de vie d ' une espèce (Pickett et al. , 1987; De Steven, 1991 b). En effet, la facilitation, 
la to lérance et la compétition peuvent être présents au sein d ' une même communauté végéta le 
dépendant des condi tions (Holmgren et al., 1997). Des transitions entre la facilitation et la 
compétition de deux espèces peuvent se faire pendant leur cyc le de vie, un changement de 
ta ille ou de densité d' une des espèces, ou un changement des conditions environnementa les 
(lumière, humidité, etc.) engendrant un stress abi otique (Wootton, 1994; Callaway et Walker, 
1997). 
Les interactions entre plantes sont souvent complexes et indirectes (Wootton, 1994). Il 
n'est donc pas c la ir quand la végétation en pl ace do it être enlevée, maîtrisée ou conservée 
(G6mez-Aparicio, 2009). En outre, les interactions indirectes entre deux espèces peuvent être 
dues à une tro isième espèce et peuvent aussi inc lure des interact ions avec les ennemis ou les 
e1memis des e1memis (Wootton, 1994). Par exemple, qu 'e lle a it une relation de compétition 
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avec les arbres ou non, une végétation herbacée laissée intacte autour des j eunes arbres 
pourrait davantage affecter leur survie s'i ls ne sont pas protégés de la prédation. 
0.3.2 Prédation 
Les petits mammifères comme les lap in s et les campagno ls peuvent induire de séri eux 
dommages aux semi s en rongeant leur écorce ou en coupant leur tige (Stange et Shea, 1998; 
Pusenius et al., 2000). La présence d ' un couvert herbacé accroît habituellement les taux de 
prédation des semences et des senlis ainsi que les dommages causés par les petits 
mammifères en réduisant les ri sques que les herbivores et gran ivores so ient vu par leurs 
propres prédateurs (Gill et Marks, 1991 ; Ostfeld et Canham, 1993; Manson et Stiles, 1998; 
Pusenius et al. , 2000). Habituellement, les campagno ls s'attaquent aux espèces ligneuses 
durant l' hiver lorsque la nourriture provenant des plantes herbacées dev ient plus rare (W itmer 
et VerCauteren, 2001) . Un couvert végétatif haut et bien développé réduit la compaction de la 
neige ce qui facilite leurs dépl acements, et il augmente l'effet d ' isolation ce qui réduit leurs 
risques d 'engelures et de mo1i par le fro id (Hamba.ck et al. , 1998). Une présence importante 
de campagnols a un effet négat if sur la survie des semis, mais un effet pos itif indirect sur Ja 
survie des semences des arbres puisqu 'elles sont davantage mangées par les souris qui sont 
moins nombreuses et moins actives en présence d ' une grande population de campagnols 
(Ostfeld et al., 1997; Manson et al., 2001). 
En plus de la prédation par les petits mammifères, les semences d ' arbres peuvent être 
consommées ou déplacées par les oiseaux (Garcia et al., 2005) et les invertébrés comme les 
fournils (Garcia-Orth et Ma1iinez-Ramos, 2008) a lors que les semis peuvent auss i être sujets 
à 1 ' herbivorie par les invertébrés (McPherson, 1993; Sobek et al., 2009) et les grands 
mammifères comme le cerf (Moore et al. , 1999; Rester et al. , 2000). Sur ce1iains sites où la 
population de cerf de Virginie est importante, l' utilisation de moyens de protection contre cet 
hervivore (exclos, ma11chons protvct""urs) augn1ente granden1ent la survie et la croissa11ce des 
arbres plantés alors que sur d ' autres, elle n'est pas nécessaire (Stange et Shea, 1998; Laliberté 
et al., 2006; Cogliastro et al., 2006). La prédation par les cerfs peut être plu grande lor que 
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les arbres sont entourés par un paillis que lorsq u' ils sont directement dans la végétation 
herbacée en rendant les arbres plus faci lement repérables (Stange et Shea, 1998). 
0.3.3 Mutualisme 
L 'évo lution a été façonnée par les relations de sym biose comme le mutualisme qui est 
bénéfique pour les deux organ ismes en interactions. La grande majorité des plantes vertes 
terrestres vivent en symbi ose mycorhizienne, définie par l'association d' un organi sme 
photosynthétique et d ' un champignon fi lamenteux (Fottin et al., 2008). Les mycorhizes 
faci litent l' uti li sation de l' eau et l'acqui siti on des nutriments par les plantes, qui en retour, 
fourni ssent aux champignons les sucres résidus de la photosynthèse (Smith et Read, 2008). li 
existe deux types de mycorhizes qui s ' associent aux espèces arborescentes. Chez les 
mycorhizes arbusculaires (ou endomycorhizes) (AM), le mycélium pénètre à l' intérieur des 
cellules racinaires des arbres alors que chez les ectomycorhizes (EM), le mycélium enveloppe 
les cellul es de l' hôte plutôt que d 'y pénétrer (Fortin et al., 2008). Les champignons AM sont 
reconnus pour faciliter l' acqu isition du phosphore par les plantes alors que les champignons 
EM faci litent davantage l'acquisition de l' azote et dans les deux cas, cette facilitation est plus 
grande lorsque les nutriments respectifs sont limités (Reynolds et al., 2005; Smith et Read, 
2008). 
La majorité des champignons mycorhiziens ne sont pas spécifiques et un individu peut 
simultanément co loniser un grand nombre de plantes de la même espèce ou de différentes 
espèces (van der Heijden et Horton , 2009). Les champignons EM seraient davantage associés 
à un hôte spécifique que les champignons AM (van der Heijden et Hotton, 2009). Les 
associations semblent auss i plus bénéfiques entre espèces ayant le même type de sym biose 
(EM vs AM). Des senlis de Quercus rubra ayant germé près de Quercus montana, deux 
espèces EM, ont connu une augmentation de leur croissance, de leur taux d ' infection 
mycorhizienne et de leur absorption d ' éléments nutritifs comparativement à ceux ayant 
germé prè d'Acer rubrum, une espèce AM, qui a plu tôt engendré une réponse négative 
(Dickie et al. , 2002). 
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Les mycorhizes sont en interaction avec d ' autres organismes du so l qut peuvent 
influencer leur performance, leur dispersion, leur germination , etc. (Fitter, 1985; Fitter et 
Garbaye, 1994) . Par exemple, des bactéries stimulent la co lonisation et la sporulation alors 
que des invertébrés patti c ipent à la di spers ion des spo res (Fitter et Garbaye, 1994) . Par 
contre, des nématodes peuvent inhiber la di spers ion des hyphes a lors que les ch ytrides et les 
amib es peuvent faire du parasitisme (Fitter et Garbaye, 1994). Néanmo in s, se lon une méta-
analyse menée par Hoeksema et al. (20 1 0), la réponse des plantes ( e.g. biomasse) à 
l' inoculat ion mycorhiz ienne est plus importante lorsque plusieurs espèces de mycorhizes sont 
inoculées, lorsque des microbes autres que des mycorhizes ont auss i aj outés ou encore, 
lorsqu ' un échantillon de so l entier est inoculé plutôt que lorsqu 'une seule espèce 
mycorhiz ienne est inoculée. 
La bi océnose du so l a rarement été manipulée afin d ' augmenter le succès de la 
restauration, mais selon certain s chercheurs ce la semble être une avenue prometteuse 
(Heneghan et al. , 2008; Harris, 2009; Hoeksema et al. , 2010) a lors que d ' autres se demandent 
dans que ll e mesure les communautés microbiennes du so l influence rée llement le succès de la 
restauration (Bever et al. , 201 0). Par exemple, ajoute r de petites quant ités de soi qui contient 
les mycorh izes dés irées sera it une faço n simple d ' inoculer des mycorhizes à un site qui en 
manque (Schwartz et al. , 2006). Les activités agricoles pro lo ngées diminuent 1 ' acti vité 
microbienne dont l' abondance et la diversité mycorhiz ienne (D ick, 1992; Jonhson, 1993; 
Helgason et al. , 1998; Florentine et W estbrooke, 2004; Alguacil et al. , 2008). En effet, les 
mycorhizes a rbuscula ires (AM ) sont plus diversifiées dans les so ls forestiers tout comme les 
ectomycorhizes (EM ), ma is ces derniè res sont également plus abondantes daJlS les sols 
forestiers que dans les sols agricoles (Helgason et al. , 1998 ; Bermar1 et Bledsoe, 1998 ; D ickie 
et Reich, 2005). A insi, l' aj out de sol forestier autour d ' arbres plantés en champ permettrait 
d ' inoculer des mycorhizes et potentie llement d ' autres microorga nismes bénéfiqu es comme 
des bactéries fi xatri ces d ' azote, ce qui pourra it avo ir un effet de fac ili tation ur la surv ie et la 
croissance des arbres . 
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0.3.4 Pathogénicité 
Les sols forest iers peuvent cependant abriter des orgam sm es pathogènes, ce qm 
entraînera it plutôt des effets négati fs sur les j eunes arbres. Packer et C lay (2000) ont observé 
que l' accumulati on des pathogènes Pythium spp . dans le so l récolté près d ' indiv idus matures 
de cerisier tar dif (Prunus serotina) ava it un effet négatif sur la survie des semis de la même 
espèce. Plus précisément, il s ont trouvé que la probabilité de surv ie des semis de ceri sier 
tardif était plus fai bl e lorsqu ' il s poussaient en pot avec du sol pris à mo ins de 5 m ètres d ' un 
arbre mature que lorsqu ' il s éta ient dans un so l pris à 25-3 0 mètres (Packer et C lay, 2000) . 
Leurs résultats vietm ent ainsi appuyer l' hypothèse de Janzen-Cotmell qui stipule que les 
arbres matm es et les senlis d 'une même espèce ont des ennemis conmmns qui engendrent 
une rétroaction négative (negative j eedback) sur l' établi ssement, la survie et la cro issance des 
semi s situés à proximité de l' arbre mère (Janzen , 1970; C01mell, 1971) . Les em1emis 
communs peuvent être des organismes herbivores (e.g. insectes, mammifères) ou des 
pathogènes fo liaires, ma is la rétroaction négative sera it fréquemment causée par les 
communautés microbiennes du so l (Bever et al. , 2010 ; M angan et al. , 2010). En effe t, les 
pathogènes da ns le so l augmentent en présence de leur hôte (Burdon, 1987), ce qui crée des 
condit ions peu favorables pour la régénérati on intraspécifique, ma is qui favo rise la diversité 
(Bever et al., 1997; Mills et B ever, 1998; M angan et al. , 2010). Dans le même ordre d ' idées, 
la cro issance des semi s de quatre espèces d 'arbres tropicales était réduite lorsqu ' il s 
poussaient dans un milieu avec un inoculun1 de sol intraspécifique comparativement à 
lorsqu ' ils éta ient dans un mili eu avec un inoculum hétérospécifique (Man gan et al. , 201 0). 
Comme les sols forestiers abri tent des organismes bénéfiqu es et des organtsmes 
pathogènes, il demeure di ffi c ile de prédire dans que lles conditio ns les avantages que 
procurent les communautés microbiennes du sol aux arbres supp lan tent les effets de 
rétroacti on négative. 
0.3. 5 Les traits fon ctionnels 
Les traits fonctiom1els des arbres, i.e. leurs caractéri stiques re liées à leur performance 
évolutive qui déterminent leur capac ité à surv ivre, se reproduire et se di sperser (Shipley 
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2007), peuvent influencer les interactions biotiques . Les réponses (survie et croissance) des 
espèces d' arbre aux différentes expériences de cette thèse seront éva luées selon la taille de 
leurs semences, leur taux de croissance, leur tolérance à l'ombre ou leur type d' association 
mycorhizienne. Par exemple, la prédation des semences réduirait davantage la germination 
des espèces ayant des semences de moyenne ou grande taille comme l' érable, le frêne et le 
pin que les espèces ayant des petites semences (De Steven, 1991a). Toutefo is, une autre étude 
a montré que les granivores ont eu peu d' impact sur l' établissement du chêne rouge et du 
chêne à gros fruits qui ont de larges semences (Laliberté et al., 2008a). Comme cité 
précédemment, les espèces qui ne sont pas in to lérantes à l'ombre ont des bons taux de 
germination et de survie sous couve1t herbacé (De Steven, 1991 a; Hooper et al., 2002; Doust 
et al., 2006; La libe1té et al., 2008a). Un autre exemple est que les senlis d 'espèces EM 
retireraient davantage d' effets bénéfiques à l' inoculation de champignons mycorhiziens que 
ceux d' espèces AM (van der Heijden et Ho1ton, 2009). 
Les traits fonctionnels des plantes herbacées co1m11e le cycle de vie ou le mode de 
reproduction principal peuvent aussi influencer la relation entre plantes et les arbres. En 
milieu tempéré, la germ111at ion de espèces arbore cente serait iégèrement pius importante 
sous couvert d' herbacées vivaces que sous couve1t d' herbacées annue lles ou bi sannuelles 
(Gill et Marks, 1991). Ce1taines communautés herbacées sont plus compétitives que d' autres. 
En général, les graminées ont un effet plus négatif sur les arbres que les autres plantes 
herbacées (jorbs) (G6mez-Aparicio, 2009). Les e pèces de légumineuses améli orent quant à 
e lles les taux d'accumulation d'azote (Knops et T ilman, 2000). ll est impo1tant d 'établir quels 
groupes d' herbacées ont un effet facilitateur ou neutre et quels groupes ont un effet 
compétitif, ca r dan s ce ca , une maîtrise de la végétation peut être nécessaire. 
0.4 Objectifs généraux de la thèse 
Cett thèse a pour but d'évaluer di fférentes stratég ies de restauration afin de faci liter !e 
reboisement de friches herbacées. En effet, combiner deux ou trois techniques de re tauration 
permettrait d 'accélérer le rétablissement d' un site dégradé (Engel et Parrotta , 2001, 
Florentine et Westbrooke, 2004). La thèse se divise en deux grands volets . L'objectif général 
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du premier vo let consiste à étudier les interacti ons entre la végétati on herbacée et les arbres 
ensemencés ou plantés sur une ten·e agrico le abandonnée. L'emphase des deux premiers 
chapitres est mise sur les relations de compétition, to lérance et fac ilitation, mais auss i de 
prédation selon di fférents traitements de végétation. Le second vo let de cette thèse s ' attarde à 
évaluer les effets des microorganismes de sol forestier sur la survie et la croissance des arbres 
plantés en champ. L'effet global de l' inoculati on de ces microorganismes sur les j eunes 
arbres est le résultat d' une équation qui inclut les effets négati fs dus aux espèces pathogènes 
et les effets positifs du s aux espèces mutualistes te ls que les champignons mycorhiziens. 
0.5 Objectifs spécifiques 
Plusieurs chercheurs ont suggéré qu 'ensemencer des arbres pour restaurer des terres 
dégradées const itue une stratégie moins coûteuse en temps et en argent qu e la plantation 
(Engel et Pan otta, 2001 ; Hooper et al. , 2002; Florentine et Westbrooke, 2004; Sampaio et al., 
2007). Cependant, les résultats de l'effet d ' un couvert herbacé sur les taux de germinati on et 
de prédation des semences sont souvent contradicto ires entre les études. En ce sens, nos 
premiers obj ectifs sont d 'établir quelles espèces d'arbres ont une relation de compétition, 
to lérance ou fac ili tat ion avec la végétati on herbacée et quelles espèces sont affectées par la 
prédation des semences ou des semis. 
Les mêmes obj ectifs sont repris dans une expérience simil aire où les arbres sont plantés 
plutôt qu'ensemencés. Encore une fo is, nous dés irons mesurer l' effet de la présence ou de 
1 'absence de la végétation herbacée sur la prédation des plants et identifi er que ll es espèces 
sont le plus affectées par les petits mammifères. Nous voulons auss i éva luer comment la 
croissance des j eunes arbres est affectée par la végétation herbacée selon différentes 
conditions telles que le pourcentage de recouvrement et la hauteur des espèces herbacées ou 
encore l' humidité du sol, mais aussi selon les tra its fonctionnels des espèces d' arbre. 
En identifiant les conditions qui influencent le gradient compétit ion - facilitation entre 
les communautés herbacées et les espèces d' arbres ensemencés ou plantés en champ, ces 
études contribuent à la compréhension des processus de co loni sation des espèces 
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arborescentes dans les milieux ouverts. D 'un po int de vue appliqué, elles permettent d ' établir 
quelles espèces d ' arbres bénéfic ient d ' une protection contre les rongeurs et/ou d ' une maîtr ise 
de la végétation herbacée. 
Le dernier obj ectif spéc ifique vise quant à lui à clarifier les conditions influençant le 
gradient pathogénécité- mutualisme entre les microorganismes du sol et les arbres. À notre 
connaissance, l' inoculati on de mi croorganismes de so l forestier a rarement été faite sur des 
arbres plantés en champ. Ce la a surtout été testé en pot ou encore sur des arbres destinés au 
reboisement en fo rêt qui éta ient inoculés avec seulement une ou quelques espèces de 
champignons mycorhizien . ou voulons évaluer les effets des espèces microbiennes 
inoculées par l' aj out de so l fo rest ier sur la survi e et la croissance de j eunes arbres pl antés en 
champ selon que les arbres so ient d ' espèce ectomycorhizie1me ou endomycorlùzienne. Nous 
voulons aussi savo ir s ' il y a plus d 'effets pos iti fs que d 'effets négati fs et si les effets var ient 
se lon la provenance du so l aj outé (inoculum intraspécitique ou interspécitique) a in si que la 
quantité de sol aj outé. Le sol forestier pow-rait donc avoir un potentiel de fac ilitation pow- la 
croissance des arbres en champ qui serait fac ile à utiliser et peu coûteux. Par a illeurs, cette 
étude nous permet de tester i' hypothèse de Janzen-Conneii en champ piutôt q u' tat pot, t;c; qui 
a peu été fa it en milieu tempéré. 
L 'obj ectif appliqué de la thèse est d ' améliorer le succès de la restauration forestière des 
terres agrico les abandonnées, mais les résultats pourront auss i être utili sés pour d ' autres types 
de plantation en milieu ouvert comme pour la création de corridors forestiers. 
Chapitre 1 Chapitre 2 
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Figure 0-1 Schéma conceptuel de la thèse. 
Figure 0-2 Localisation de l' aire d ' étude, chapitres 1 et 2, Auteuil, Laval. 
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Figure 0-3 Localisation du bloc 2 (tirets) de l'expérience du chapitre 1, et des blocs 
2 et 3 (lignes pleines) de l' expérience du chapitre 2, 2" année (20 11). 
Figure 0-4 Localisation de l'aire d' étude, chapitre 3 L'Assomption et des 5 blocs. 
---------------
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1.1 Abstract 
Direct tree seeding is potentially an econom.ical technique for restoring forests on abandoned 
fields. However, the success of tree establishment depends on many factors related to species 
and seed characteristics, environmental conditions, competition and predation. We compared 
seedling emergence, survival and growth of six tree species of different seed sizes in a forest 
restoration project of abandoned fields . Species were seeded in plots with and without 
herbaceous vegetation and with and witbout protection from bird and mammal predation. 
Yellow bù·ch (Betula alleghaniensis) did not emerge in ail treatments, paper birch (Betula 
papyrifera) and tamarack (Lm-;x !aricina) had a seedling emergence rate lower than 1%, and 
sugar maple (Acer saccharum) had a low overall emergence rate of 6%. Seedling emergence 
reached 57% for northern red oak (Quercus rubra) and 34% for red pine (Pinus resinosa), 
but survival of oak after one year was much higher (92%) than pine seedlings (16%). Overall, 
protection from birds and mammals and elimination of the herbaceous vegetation cover had 
no detectable effects on seedling emergence, sw-vival and height. Nonetheless, red oak 
seedlings growing in the presence of vegetation had a smaller diameter and shoot biomass 
and a larger specifie leaf area. We conclude that only large seeded species, sucb as oak, 
should be used for forest restoration of abandoned fields by direct seeding in ow- region. 




Over recent decades, industrialisation and intensification of agriculture in occidental 
cow1tries have led to agricultural fields in marginal environments being abandoned 
(MacDonald et al., 2000; Ramankutty and Foley, 1991a, 1991b; Domon et al., 1993). In 
these fields, herbaceous or shrub cmmnwlities may inlubit tree establishment for many years 
(Niering and Goodwin, 1974; Benjanun et al. , 2005), and tree recruitment is don1inated by a 
few wind-dispersed pioneer species (D'Orangevi lle et al., 2008; Hill et al., 1995). In both 
temperate and tropical ecosystems, direct seeding has been proposed as a time- and cast-
effective technique to restore abandoned fields; indeed, tree plantations may cost 1.5 to 2.5-
times the cost of direct seeding (Bullard et al., 1992; King and Keeland, 1999; Engel and 
Parrotta, 2001; Hooper et al., 2002; Sampaio et al., 2007). However, many endogenous 
factors, such as the type and density of competing vegetation, the presence or not of 
predation, soi! type and exogenous factors , such as climatic conditions, interact with seed size 
and shade tolerance to affect the overall success oftlus teclmique (De Steven, 1991a; Gill and 
Marks, 1991; Burton and Bazzaz, 1991 ; Hooper et al. , 2002; Doust et al., 2006). Although 
many studies have been conducted to investigate the success of direct seeding as a way to 
restore abandoned fields, few have attempted to evaluate the interacting effects ofherbaceous 
vegetation (both positive and negative) and predation across a wide range of tree species in 
temperate ecosystems (but, see De Steven, 1991a; Gill and Marks, 1991; Bwton and Bazzaz, 
1991). 
Effects of vegetation (both positive and negative) on seedling emergence vary with plant 
litter (Myster, 1994) and surrounding vegetation types (Bwton and Bazzaz, 1991). In general, 
grasses have more negative effects and are stronger competitors than forbs (G6mez-Aparicio, 
2009). For examples, Poa pratensis conm1Unities constitute a less conducive environment to 
tree seedling emergence, except for Crataegus mollis, while many other types of vegetation 
were not fow1d to have an impact on the emergence of Acer saccharum (Bwton and Bazzaz, 
1991 ). Although herbaceous vegetation can have a positive, neutra1 or negative effect on 
seedling emergence, it usually has a negative impact on seedling growth (G6mez-Aparicio, 
2009). In the studies conducted by De Steven (1991 a, 1991 b ), even if herbaceous co ver had a 
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positive effect on the emergence of species with larger seeds (Fraxinus americana and Acer 
rubrum), it had negative impacts on seedling survival and growth of all five species tested 
(De Steven, 1991b). 
Seedling predation can be more important than competition as a factor affecting overall 
tree surviva1 in seeding experiments. In the No1theastem US, Gill and Marks (1991) showed 
that seedling mortality was essentially due to predation by voles rather than herbaceous 
competition and that predation was more important under herb cover. Vegetative cover, in 
fact, increases the probability of seedling damage caused by small rodents, because it 
decreases the lisk of small mammals being seen by their own predators (Ostfeld and Canham, 
1993). Meadow voles (Microtus pennsylvanicus) are impo1tant seedling predators, whereas 
white-footed rnice (Peromyscus leucopus) are large seed consumers (Ostfeld et al., 1997; 
Manson et al., 2001). Fo1tunately, theil· negative impacts are rarely simultaneous, because 
nuee are less abundant in fields when vole populations are mgh, and they are more active 
when vole density is low (Ostfeld et al., 1997; Manson et al., 2001). Muridae and Cricetidae 
are not the only types of seed and seedling predators; squilTels, rabbits, deer, cattle, wild 
boars, birds and insects, such as ants, may also affect the success of seedlmg establislunent 
via predation (Herrera, 1995; Kollmann and Sclull, 1996; Hulme and Borelli, 1999; Woods 
and Elliott, 2004). The wide range of predator sizes probably explail1s in pa1t why Moles et 
al. (2003) found no sigruficant relations11ip between seed mass and seed predation in their 
litera ture review. 
The objectives of tlus study were: (1) To measure seedling emergence, survival and 
growth of six tree species of different seed size and shade tolerance du·ectly sown in an 
abandoned field; and (2) To evaluate the effects ofherbaceous vegetation, predation and their 
interactions on seedling emergence, survival and growth. We hypothesize that seed1ing 
emergence and surviva l rate wi ll increa e with increasing seed ize. We uppose that 
vegetation will enhance seedling emergence of the shade tolerant species evaluated in our 
study (sugar maple), have no impact on the emergence of the large-seeded nud-shade tolerant 
species (red oak) and have a negative effect on the emergence of small-seeded shade 
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intolerant species. We also hypothesize that vegetation cover will have neutra! or negative 
effects on seedling survival and growth and that predation will be higher under a vegetation 
co ver. 
1.3 Methods 
1.3.1 Study area 
The study took place in three abandoned fields located in southwestern Québec 
(Canada), in the agricultural zone of Laval (45 °40'N; 73°43'W), north of Montréal. The 
region is characterized by a hunlid continental climate. During the study, the average annual 
temperature recorded at the Montréal weather station was 8 °C, with monthly means of 23 oc 
in July and -10 oc in January (Environment and Climate Change Canada , 2013a, 2013b). 
The annual precipitation varied between 1194 1run (20 1 0) and 1281 nnn (20 11) (Environment 
and Climate Change Canada, 2013a, 2013b). A 3.5 ha forest, donlinated by Acer 
saccharinum and composed of Fraxinus nigra, Fraxinus p ennsylvanica, Populus deltoïdes 
and Thuja occidentalis separates the first two fields from the third. The surficial deposits are 
mainly of glacial origin. A stony clay loam soil is found on the frrst two fields, wllile the soil 
in the third field is a clay loam (IRDA, 2008) . 
Fields one and three have an area of about 9000 m2, wllile the second field is bigger, 
with an area of about 23 ,000 m2. The tlrree abandoned fields had a similar past land use and 
were cultivated for at least 25 years . In the early 2000s, cultivation stopped, but the sites were 
mown once or twice a year, un til the fall of 2009. Tllis mowing prevented tree and slrrub 
establislnnent and promoted ruderal herbaceous vegetation. Fields bad sufficiently sinlilar 
conditions to establish a split-plot design of tlrree randonlized blocks (see next section), with 
one block per field. However, herbaceous vegetation differed somewhat between blocks. In 
the first one, the vegetation was principally dominated by grass species (Poaceae spp. and 
Cyperaceae spp.), Solidago spp., Trifolium repens and Trifolium pratense. The vegetation in 
the second plot was also dominated by grasses, but associated species were Taraxacum 
officinale, Sonchus oleraceus and Medicago hpulina. In the third plot, Solidago spp. were as 
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important as grass species, and Tara;wcum officinale, Sonchus oleraceus, Medicago lupulina 
were also abundant. Total ground coverage by all species was arow1d 70% in each plot. 
1.3.2 Experimental design 
The study took place between May, 2010, and August, 20 11. In each field, a 9 x 9 rn 
experimental block was installed at !east 20 m from the forest, trees bordering the fields and a 
road, to avoid edge effects. Experimental blocks were divided into four plots following a 
split-plot design, where the main facto r was "protection" (protection of seeds and seed lings 
from predation or no protection), and the subplot facto r was "vegetation" (intact herbaceous 
vegetation or bare soi!). Protection from rodents was achieved using a surrounding exclosure 
fence of 6 mm mesh and 120 cm high. The bottom part of the fence was curved, nailed into 
the ground and covered with stones and soi! instead of bmied, due to soil compaction. 
Fishing lin es were placed on the top of the protected area, every 10 cm, to prevent birds from 
entering into these plots. Fishing !ines bad no effect on light transmission; percentages of 
photosynthetic photon flux density (%PPFD) were similar in plots with or without protection. 
Deer could bave jumped into the protected area, breaking fishing !ines, but no sign of deer 
damage was seen. 
Vegetation on half of the protected and unprotected plots was maintained. On the other 
half, ali vegetation was weeded by band before the beginning of the experiment. From June, 
20 10, to August, 2011, vegetation was regularly eut by scissors in the sown locations instead 
of weeded by band, to avoid soil disturbance arow1d seeds and small seedlings. In rows 
between sown locations, vegetation was weeded by band w1til the end of August, 2010. By 
this time, almost all seedling emergences occurred; thus, coconut fiber mulches were put 
between sown locations to reduce weeding time. 
1.3.3 Seeding 
Each subplot contained ten sown locations per species, spaced 30 cm apari. The six 
pecies used in this tudy were chosen, because they are native to the area, and they differed 
in seed size and shade tolerance (Table 1.1). They were: paper birch (Betula papyrifera), 
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yellow birch (Betula alleghaniensis), tamarack (Lm-ix laricina), red pine (Pinus resinosa), 
sugar maple (Acer saccharum) and nmihern red oak (Quercus rubra). Seeds were prepared 
and provided by the Centre des semences forestières de Berthier (CSFB) from the Quebec 
Ministry of Natural Resources. Usually, all of these species are sown in the spring, except 
acorns of northern red oak, which are sown in the autumn. Acorns were thus placed in a cold 
room (4 °C) from November, 2009, to May, 2010, so they could also be sown in the spi;ng. 
Yellow birch seeds needed stratification for 21 days, while sugar maple seeds spent two 
weeks in cold water, followed by stratification for 3.5 weeks. Other species did not require 
special treatment preceding spring seeding. Seed germination in the laboratory, deternuned 
by professionals from the Quebec Ministry ofNatural Resow-ces, was more than 80% for all 
species (Table 1.1 ). Seeds were kept in a dark cold room ( 4 °C) w1til seeding from 25 to 27 
May, 2010. The number of seeds in each sown location decreased with seed size, as the 
production of seeds in nature is usually lugher for small-seeded species than for large-seeded 
species. Five seeds of paper birch and five of yellow birch were used (total of 600 
seeds/species) , four seeds of sugar maple, red pine and tamarack (total of 480 seeds/species) 
and three acorns of red oak (total of360 acoms) . Seeds were bm;ed at a depth of0.5 to 5 cm, 
depending on seed size and following recommendations given by professionals from the 
Quebec Ministry ofNatural Resources . 
1.3.4 Measurements 
1. 3. 4.1 Seedling emergence, survival, and growth 
Seedling emergence, survival and height were measured every week between 21 Jm1e 
and 14 July, 2010, at the end of July and August, 2010. Sampling was also conducted once in 
May, 2011 , and twice in Jw1e, 20 11 , to measure seedling height and seedling survival after 
the winter and to see if new seedlings emerged one year after seeding. Seedling emergence 
refers to the proportion of seedlings emerging in a sown location. W e use the tenu propo1iion 
of live seedlings as the nm11ber of seedlings emerged per nmnber of seeds bw-ied. Seedling 
survival for 2010 was calculated as the proportion of live seedlings at the end of August, 
20 10, out of the proportion of live seedlings at the end of June, 201 O. Seedling survival after 
one year is calculated as the proportion of live seedlings in June, 2011 , out of the maximal 
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proportion of live seedlings in 2010. Height was measured as the distance between the soil 
surface and the apical meristem, but for red pine, we measured height until the end of the 
needles . 
1.3.4.2 Red oak seedling measurements 
Additional measures were taken on red oak seedlings in August, 2011, to measure the 
effects of competing vegetation on different variables related to growth. At this time, pine 
and maple seedlings were not sufficiently abundant to make comparisons between treatments. 
To avoid i.ntraspecific competition between oak seedlings, we kept only one seedli.ng per 
sown location at the beginning of July 2011. We randomly chose among averaged size 
seedlings in good shape. Height, diameter, shoot biomass and specifie Ieaf area (SLA) were 
measured on five red oak seedlings randomly chosen in each subplot (n = 60 seedli.ngs). No 
belowgrom1d measures were taken, due to the high compaction of the soil. Specifie leaf area 
(SLA) was measured following the method described by Comelissen et al. (2003). Two 
healthy leaves per seedling were taken and were scanned the day of collection. Leaf area was 
calculated using the Winfolia software (Régent Instruments, Québec, QC, Canada). Leaves 
were dried at 70 oc for at least 48 h before their mass was measured. W e also calculated 
relative height growth rate (RGR,.,) using the formula: 
ln(H2) ln (Hl) 
t 
where m corresponds to height in August 2011 , Hl , height in August 2010, and t, time 
between both measures, which is one year. 
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Species development in natural conditions (Bwns and Honkala , 1990); average dry seed 
mass (CSFB, 2010; for red oak: Royal Botanic Gardens Kew, 2008) ; shade tolerance (Bw-ns 
and Honkala, 1990; USDA, NRCS, 2013); rates of gennination in the laborat01y (CSFB, 201 0) . 
1.3.4.3 Environmentalmeasurements: soilmoisture and light 
During the sununer of 2011, two sown locations per species were randomly chosen to 
take envirorm1ental measurements. Soil volmnetric water content was measmed at three 
26 
occasions using a TDR-200 probe (Spectrum Technologies Inc., Plainfield, IL, USA) with 12 
cm rods. A mean value was obtained from two measurements taken in the middle of each 
sown location. The frrst series of measurements was taken on 15 June, two days after a rain 
of 10 mm and three da ys after a rain of 30 nm1. The second measurements were taken on 12 
July, after a light rain of 2 mm, and the third measurements were taken on 18 July, after a 
light rain of 1 nm1. Photosynthetic photon flux density (%PPFD) was measured using point 
quantum sensors (LI-COR, Inc. , Lincoln, NE, USA). Measurements were taken at the end of 
July, 2011, on cloud y da ys, following the method described in Messier and Puttonen (1995). 
1.3.5 Data analysis 
Linear regressions were used to test the relationship between seedling emergence and 
seedling survival as a function of seed size. Repeated measure ANOV As, following a two-
way split-plot design (described above), were computed to evaluate the effect of protection 
treatment, vegetation treatment, time and their interactions on the proportions of live 
seedlings and on soil volumetrie water content. Analyses of variance of the proportions of 
live seedlings between treatments were also performed by date, following the san1e two -way 
split-plot design. Variances of seedling survival and height on 25 August, 2010 and 15 June, 
2011 were analysed using the same statistical mode!. Blocks (n = 3) were considered as a 
random effect, and analyses were performed separately by species, due to the large 
differences between the proportions of live seedlings and seedling heights. Yellow birch, 
paper birch and tamarack were not included in the data analysis, because their seedling 
emergence was nonexistent or negligible. ANOV A was also used to compare light levels 
(%PPFD), which were log transformed to achieve nom1ality. Finally, ANOV A was used to 
compare five growth variables of red oak seedlings between treatments following the same 
two-way split-plot design. For all analyses, we computed Tukey post hoc tests when a 
variable was found to be significantly affected by a treatment (p :::; 0.05) . Statistical analyses 
were conducted using JMP software (version 1 0.0) (SAS Institute Inc., 2007). 
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1.3. 6 Second seeding experiment 
In 2011, we conducted a second seeding experiment to compare rates of seedling 
emergence between 2010 and 2011 for our best perfonning species (red oak, red pine and 
sugar maple) and to test another large-seeded species, bur oak (Quercus macrocarpa Michx.; 
dry seed mass of 6.15 g (Royal Botanic Gard ens Kew, 2008); mid-shade tolerant species 
(USDA, NRCS, 2013). Once again, seed germination in the laboratory was higher thau 80% 
for ali species (CSFB, 2010) . Unfortunately, we could not use the same site, because the 
fields were full of small trees planted in the sw1m1er of 2010. We th us used another site, 
located in the same area. The site was an abandoned old field recently disturbed by a 
residential development. Competing vegetation was sparse and dominated by Equisetum 
species, grass species and some Cornus stolonifera shrubs . The soil was composed of clay 
loam (IRDA, 2008). 
Four experimental blocks were established in the field . Each block contained eight sown 
locations per species (for a total of 32), and 4 seeds by sown location were buried (for a total 
of 128 seeds/species). No vegetation or predation control was conducted. Seeding was done 
on 19 May and 25 May, 2011. The propo1tions of live seedlings were monitored four times in 
the swnmer of2011 and once in the spring of2012. 
1.4 Results 
1.4.1 Establishment success 
Seedling emergence and, to a lesser extent, seedling survival increased with seed size 
(R2 = 0.63, p < 0.0001; R2 = 0.47, p = 0.0006, respectively). Despite having sown 600 seeds, 
no yellow birch seedlings emerged. Only one paper birch seedling emerged, in a plot with 
vegetation and protection, and it measured 15.5 cm in the surnmer of 201 1. Five tamarack 
seedlings emerged at the beginning of July, but they died a few days after emergence. 
Seedling emergence of red pine reached a maximum of 34% at the end of June 2010 (Table 
1.2). Over the summer, the needles of several pine seedlings changed color, from green to 
red-brown and decreased in length, until those pine seedlings died. Between the end of July 
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and the end of August, 2010, 22% of the pine seedlings decreased in height (measured until 
the end of live needles) and the average height declined from 4.2 to 4.0 cm. The same 
tendency was observed between August, 2010, and June, 2011: the average live height 
decreased from 4.0 to 3.8 cm, and 45% of the pine seedlings were smaller in 2011 than in 
August, 201 O. At the end of the first growing season, only 52 pine seedlings out of 163 
(survival of 32%) were still alive, while in the spring, 2011 , the proportion of live seedlings 
was only 5.5%. 
Seedling emergence of sugar maple reached a maximum of 5.8% at the beginning of 
July 2010 (Table 1.2). After one year, 57% of maple seedlings were still alive and their 
average height was 10.9 cm. Red oak emerged la ter than the other species, but had excellent 
survival. The maximum seedling emergence of 57.2% occurred at the end of August 2010 
and as no oak seedlings died dUiing the first growing season, we estimated its survival to be 
100% in 201 O. In the spring, 2011, the proportion of live seedlings was 52.5%, for a seedling 
survival of 92%, and their average height was 10.6 cm. Only one new red oak seedling and 
one new sugar maple seedling emerged in the spring, 2011. 
In the second experiment, seedling emergences were 65.6% for red oak, 14.1 % for sugar 
maple and only 3.9% for red pine, while seedling survival for each species after one year 
were 98.8%, 83.3% and 20.0%, respectively. Seedling emergence of bur oak was 60.9% in 
2011. Only three bur oak seedlings died between 2011 and 20 12, but 28 new seedlings 
emerged in the sp1ing of 2012, for a maximum of 82.8% seedling emergence. 
1.4.2 Effects oftreatments 
Repeated measures ANOV A showed no effect of treatments "protection" and 
"vegetation" on the propottions of live seedlings with ti me (Fig. l.1 ). Analyses of variance 
calculated by date showed only one significant effect. In the middle of July 2010, the 
proportion of live pine seedlings was higher in plots without vegetation (27 .0%) than in plots 
with vegetation (7.8%) (F1.2n = 44.33 , p = 0.0 165; Fig. l.la) . M01tality of pine seedlings 
started earlier in plots with vegetation, but this difference disappeared after two weeks. No 
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differences in variances were observed during the other weeks. Vegetation and protection 
treatments had no effect on seedling survival and seedling height of the three species. 
Moreover, no sign of predation on seeds or seedlings were seen in any plots, except for one 
sugar maple seed in a plot without vegetation and without protection. 
At the end of the second summer, only red oak seedlings were numerous enough to 
make growth comparisons between treatments. Post hoc tests in the analysis of variance of 
five growth variables showed that vegetation significantly reduced red oak diameter and 
shoot biomass and increased specifie leaf area (Table 1.3), while the protection treatment had 
no effect. Seedling height and relative height growth rate did not differ between treatments. 
Vegetat ion also had a negative effect on soi! moisture (p :S 0.05). Soil vo lumetrie water 
content was higher in plots without vegetation, and this difference increased with time (Table 
1.4). Repeated measure ANOVA showed an interaction between vegetation and dates (time) 
for soil moisture (p < 0.000 1). Percentage of photosynthetic photon flux density (%PPFD) 
was lower under vegetation (23 .1 %) than on bare soil (88 .3%) (FI ,L97 = 3066.28, 
p :s 0.05). 
Table 1-2 Seedling emergence, survival and height of red pine, sugar maple and northem 
red oak 
Date of Maximum 
Seedling 
Seedling Proportion of 
Height in 
survival June 
Species maximum emergence survival in live seedlings 
in2010 2011 
emergence (%) 2011 (%) in June 2011 (%) (cm) 
Red pine 21 June, 2010 34.0 ± 17.6 32 .1 16.3 5.5 ± 5.9 3.8 ± 0.6 
Sugar 




57.2 ± 13.8 100 91.7 52.5 ± 14.8 10.6 ± 0.2 
20 10 
30 
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Figm·e 1-1 Mean percentage of live seedlings in response to treatments "vegetation" and 
"protection", between 21 June, 2010 and 15 June, 2011 for (a) red pine; (b) 








































































































































































































































































































































































































































































































































































































































































































































































































1.5.1 Establishment Success and Seed Size 
Our field study confmned the importance of seed size for seedling emergence and seedling survival 
in abandoned fields, despite high germination rates (>80%) of all species in la bora tory tJials. Other studies 
have also shown major differences between germination in conh·olled conditions (for example, a greenhouse) 
and seedling emergence in an abandoned field (De Steven, 1991a; Ray and Brown, 1995; Doust et al., 
2006, 2008), which is a harsh envi.ronment with wide fluctuations in temperature and moisture and often 
with compacted soils (Burton and Bazzaz, 1991; De Steven, 199 1a) . In our experiment, the lightest 
seeded species did not emerge even in the bare soil plots. Under natural conditions, the germination 
capacity of yellow birch is only about 20% (Bums and Honkala, 1990). Tests conducted, in an 
agricultural field at the govemment nurse1y have shown that seedling emergence attained only 20% for 
paper birch and 39% for yellow birch (CSFB, pers. comm.). Seedling emergence for these two species 
was lower than for species with higher seed mass, even if these soils were watered regularly and free of 
comp etition. This further confmns that larger seeded tree species emerge and survive better in the field 
than smaller seeded species. 
A lack of soil moisture may be one of the main factors causing the failure of seedling emergence. 
However, according to Bwion and Bazzaz (1991), temperatw·e may be more imp011ant than moisture for 
the emergence of tempera te biome species, and larger seeded species can gemlinate at a broader range of 
temperatures than smaller seeded species. Jw1e, 20 10, was a ra in y mon th (158 mm of rain; the normal is 
87 mm), and July was also not drier than usual (precipitation of 97 mm; normal of 89 mm) (Environment 
and Clin1ate Change Canada, 2013a, 2013c). On the other band, July was a particularly warm montb, with 
15 consecutive days of maximum temperatures over 27.5 °C, including an important beat wave (>30 °C) 
from 5 July to 9 July (Environment and Climate Change Canada, 20 13a). Some species, like Fraxinus 
excelsior and Acer pseudoplatanus, do not emerge when the daily maximum soi! temperatw·e exceeds 25 
oc (Jinks et al. 2006). Germination of Acer saccharum also drops as temperatures increases; it is optimal 
at 1 oc and does not genninate weil at temperatw·es above 10 oc (Burns and Honkala, 1990) . The wann 
temperatures experienced at the beginning of the fust growing season and the late period of seeding (at 
the end of May instead of la te April) may exp lain the failure of sugar maple emergence, as well as other 
spec1es. 
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The beat wave period conesponded with the moment where the five tamarack seedlings emerged and 
died and the moment where pine seedlings began to slowly perish (Fig. 1.1a). A.lmost 70% of the pine 
seedlings died in the fust growing season. Th en, half of the remaining pine seedlings died during the fust 
winter. Gill and Marks (1991) also observed similar patterns of desiccation and frost heaving on yow1g 
pine seedlings. The low emergence of pine seedlings in the second experiment may be explained by the 
alkaline nature of the soil (IRDA, 2008); red pine is k:nown to grow better when the soil has a pH between 
5.1 and 5.5 (Burns and Honkala, 1990). 
Like our experiment, other studies have obtained a better survival for oak than for pine seedlings 
(Willoughby et al. , 2004; Mendoza et al., 2009). The large nutrient reserves and energy stock in their 
acoms and their ability to rapidly develop a long taproot preswnably allow yoW1g oak seedlings to 
smvive short periods of drought or other stresses (Ttipathi and Khan, 1990; Burns and Honkala, 1990; 
Beckage and Clark, 2003; Willoughby et al. , 2004). 
1.5.2 Effects of Vegetation 
No statistically sigrùficant effect of vegetation was observed on seedling emergence, survival and 
height of pine, maple and oak seedlings. Our hypothesis that the emergence of shade tolerant maple 
seedlings would be enl1anced by a vegetation cover was not confirmed. Nonetheless, past studies have 
shown that an intact vegetation cover may enhance emergence of red maple (Acer rubrum) and have a 
facilita ting effect on the survival of sugar maple seedlings (De Steven, 1991 a; Berkowitz et al. , 1995). 
Herbaceous vegetation protects shade tolerant Acer seedlings from beat and desiccation stresses by 
providing a shadier environment, with lower light levels and, thus, lower leaf temperatmes (Gill and 
Marks, 1991; Berkowitz et al., 1995). 
Some competition for water and light may have occurred, since the diameter and shoot biomass of 
red oak seedlings were lower and specifie leaf area higher when they grew in herb vegetation. On bare 
soil, where light levels are high, seedlings developed thick leaves (low SLA) to reduce transpiration 
losses and increase carbon gain (Poorter 1999). Under vegetation, oak seedlings can reduce their leaf 
biomass to increase their fine root biomass, due to the lack of water in vegetation plots (van Hees 1997). 
lndeed, we observed, like LOf et al. (2004) and Laliberté et al. (2008a) did, lower soil water content 
(SWC) in vegetation plots than in weeded plots. ln dry conditions, grassland vegetation considerably 
reduces soil water, increasing the intensity of competition and, thus, decreasing seedling survival, 
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whereas in wet conditions, herbaceous vegetation has a smaller effect on seedling survival (Davis et al., 
1998, 1999). 
The absence of vegetation impact on emergence, survival and height is probably due to the combined 
effects of variation in the intensity of competition for water and protection by plants from high light 
levels. In June, 2010, competition for water was probably not a problem, since it was a rainy month (158 
mm), and surrow1ding herb species did not reach their final height. Pine seedling emergence occurred 
principally at that tin1e when light a11d soi! water content (SWC) were high, even in vegetation plots. 
Then, in the sun1mer, 2010, competition for water should have been higher, due to the beat wave and 
warmer conditions, while taller herb plants should have protected seedlings from high light levels. 
1.5.3 E.ffects of Predation 
There were no apparent signs of seedling predation on our seedlings, even though predation damage 
by voles and rabbits were seen on almost 15% of hardwood trees (none on conifers) in the nearby 
plantation arow1d experimental blocks (St-Denis et al., in preparation) . Rodents can be a major cause of 
seedling mortality in abandoned fields (Gill and Bazzaz, 1991 ; Ostfield et al., 1997), but the abundance of 
food probably protected the small seedlings from predation. Seed predation by rodents and birds was not 
a problem, as no difference in seedling emergence was observed between non-protected and protected 
sites. Acoms were not predated, even if the study took place in a suburban area, where gray squirrels 
(Sciurus carolinensis) are present, perhaps as the acoms were buried. The absence of acom predation was 
a lso reported by Laliberté et al. (2008a) in a similar study. These results do not support our hypothesis 
regarding a higher predation rate under vegetation cover. 
Researchers from the tropics a11d Australia observed that invertebrates, such as ants, contribute to 
seed Joss (Andersen 1987, Woods and Elliot, 2004; Garcia-Orth and Martinez-Ramos, 2008) . Andersen 
(1987), for example, showed that ants removed 93% of Eucalyptus baxteri seeds (seed mass of0.0019 g) 
and 58% of Casuarina pusi!la seeds (seed mass of 0.0022 g) in an Australian woodlru1d. In Mexico, more 
than 90% of small-seeded (0.0009 g and 0.0068 g), early successional species were predated by 
invertebrates (Garcia-01th and Ma1tinez-Ramos, 2008). Ants, beetles, molluscs and microbes are seed 
consumers, but the fust two groups may also transport intact seeds (Hulme and Borelli, 1999; Vander 
Wall et al. , 2005). Predation and/or removal of seeds by ants may have been responsible for the poor 
success of our small-seeded species. There were many ants in the field, and many ant eggs were observed 
during weeding. In the plantation around the experimental blocks, more than 10% of the p1anted trees 
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growing on a bare soi! were surrounded by ant-hills and around 5% for trees growing in vegetation (St-
Denis et al., in preparation). 
In the tropics, seed predation by ants may be equivalent or higher than seed predation by vertebrates 
andants, like leaf-cutter ants, can also attack seeds of mediun1 size (>0.2 gor >5 nm1) (Woods and Elliot, 
2004; Garcia-Orth and Martinez-Ramos, 2008). However, a study conducted in the UK showed that seed 
!osses attributable to invertebrates were negligible or null when seeds were buried (Hulme and Borelli, 
1999). Indeed, otber studies indicated that burying seeds reduces seed Joss (Garcia-Orth and Martinez-
Ramos, 2008; Doust, 2011; Willoughby et al., 2011 ). The effect of invertebrate predation has rarely been 
controlled in direct seeding studies, pa1ticularly in Canada (see Hulme 1998), and we are an example of a 
research bias towards protecting from mammal and bird predation of seeds without considering the 
possible effects of smaller organisms on small-seeded species. We thus encourage future researchers to 
consider the potential effect of invertebrate predators, such as ants, in seeding experiments. 
1.6 Conclusion and Restoration Implications 
It is difficult to establish with ceJtainty why small-seeded species did not emerge in the field. A lack 
of appropriate temperature and soil moisture or ants may have been important factors impedmg the 
emergence of small-seeded species, but further research is required to detemune the actual causes. Our 
results confum other studies about increasing seedling emergence and survival with increasing seed size. 
Hooper et al. (2002) and Doust et al. (2008) also concluded that large-seeded species of mediw11 to high 
shade tolerance are good candidates for direct seeding, even under a dense vegetation cover. No effects of 
vegetation and predation were observed in our study on emergence, survival and beight growth of red 
pine, sugar maple and red oak seedlings. Negative effects due to competition were only observed on red 
oak diameter and shoot biomass. In this study, vegetation control and protection against manm1al and bird 
predation were wmecessary. Red oak and bur oak seem to be pronusing species for forest restoration of 
abandoned fields by direct seeding, but other large-seeded species, such as walnut and hickory, should be 
tested to confi1m the potential of using large-seeded species for direct seeding in forest restoration 
projects . 
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Tree seedlings planted in abandoned agricultural fields interact with herb conunumtœs tlu·ough 
competition, tolerance, and facilitation. In addition, they are subject to herbivory by small mammals, deer 
or invertebrates. To increase forest restoration success of abandoned fields and reduce management costs, 
it is imp01tant to identify which species are tolerant to or facilitated by herbaceous vegetation and which 
ones require protection from competition, but also predation. Eight native tree species were planted in 
plots covered by herbaceous vegetation, in plots where herbaceous vegetation was removed, and in plots 
where seedlings were surronded by an organic mulch mat. Ralf of the seedlings were protected against 
small manm1al dan1age. Two non-pioneer and moderately shade-tolerant species were inhibited by 
herbaceous vegetation. Birch species were pmticularly affected by small mmal predation. No effects of 
predation or herbaceous competition were observed for conifer species. Rather, herbaceous vegetation 
had positive effects on the survival a11d the height growth of tamarack (Lm·ix !aricina) . None of the tested 
herb communities had a stronger competitive effect on tree growth than another. Restoration of 
abm1doned fields using multi-tree species should be designed at the seedling scale rather than at the site 
scale to account for vm·iable site conditions a11d different tree responses to predation and competition. An 
approach resembling precision agriculture could be in1plemented to lower costs and potential negative 
impacts of more intensive vegetation management interventions. 
Key words: Tree plantation, precision restoration, abandoned agricultural field, predation, competition, 
tolerance, facilitation 
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2.2 Intr·od uction 
Facilitation bas been proposed as a possible restoration tool for woody species (Padilla and Pugnaire, 
2006; G6mez-Aparicio, 2009). According to the stress-gradient hypothesis (SGH), facilitation occms 
principally in dry and stressful environments such as deserts and alpine areas while competition prevails 
in better environmental conditions (Bertness and Callaway, 1994; Callaway and Walker, 1997; Holmgren 
et al., 1997; Callaway et al., 2002). It bas been observed that the improvement of emergence, survival, 
growth, or fitness of young trees (facilitation) is mainly induced by nurse shrubs and trees rather than 
herbaceous neighbours (Callaway, 1997; G6mez-Aparicio, 2009). For instance, dense herbaceous 
communities colonizing abandoned agricultmal fields may inhibit the establishment and growth of many 
tree species for many years (Niering and Goodwin, 1974; Benjamin et al. , 2005). Competition for soil 
water between tree seedlings and herb species is recognized as a principal factor affecting tree smvival 
and growth, although when water is not limiting, herbaceous vegetation may have no perceptible effect on 
tree seedlings (tolerance) (De Steven, 1991b; Burton and Bazzaz, 1995; Davis et al. , 1998, 1999; 
La liberté et al., 2008b). Consistent with the SGH, facilitation effects on growth are generally restricted to 
Jess favorable environments (Goldberg et al., 1999). For survival, however, competition may decline with 
productivity and facilitation may occur in productive systems such as mesic temperate habitats (Goldberg 
et al. , 1999; G6mez-Aparicio, 2009) . Indeed, positive effects of herbaceous co ver on tree emergence and 
survival have been previously observed in abandoned temperate fields whereby the presence of 
herbaceous vegetation reduced frost heaving, beat and desiccation stresses on tree seedlings (De Steven, 
1991 a, 1991 b; Gill and Marks, 1991 ; Berkowitz et al., 1995). 
The relationship between herbaceous plants and tree seedlings is also influenced by the functional 
characteristics of trees and herbs . Pioneer tree species have a greater propo1iion of deep roots, higher 
cumulative root length and number of root apices than non-pioneer species, allowing them to explore 
larger volumes of soi! and to be better adapted to water and nutrient limited sites (Gale and Grigal, 1987; 
Coll et al. , 2008) . Moreover, pioneer species can rapidly outgrow the vegetation layer due to theil· faster 
growth rates, although theil· establishment may be lirnited by herbaceous vegetation, whereas moderately 
to highly shade-tolerant species establish better w1der herb cover but grow more slowly (Hooper et al., 
2002; Doust et al. , 2006, 2008). On the other band, some herb communities are known to be stronger 
competitors than others. With their large root 1 shoot ratio, their clonai growth fom1, their ability to 
produce tillers and spread rapidly, grasses are generally greater competitor than forbs (Caldwell and 
Richards, 1986; Pywell et al. , 2003 ; G6mez-Aparicio, 2009. However, some forb species that fonn dense 
communities (e.g. Solidago and Aster sp.) may compete with tree seedlii1gs or inhibit them via the 
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production of allelopathic compounds, although allelopathic effects remain mainly hypothetical (Horsley, 
1977; Burton and Bazzaz, 1995; de Blois et al., 2004). 
In addition to its variable direct effects on different species of tree seedlings, herbaceous vegetation 
caver bas indirect effects on seedlings by increasing rates of small matmnal predation by sheltering them 
from larger predators (Gill and Marks, 1991; Ostfeld and Canham, 1993; Pusenius et al., 2000). Rabbits 
and voles, but also deer and invertebrates may cause serious damage on tree seedlings, and the importance 
of herb ivory depends on predator density, tree species, seasonality, the presence of a vegetative caver, the 
size of tree plantation and the distance to woodland (Gill and Marks, 1991; Ostfeld et al., 1997; Stange 
and Shea, 1998; Moore et al., 1999, 2000; McPherson, 1993). 
Due to predation and competition, most tree plantation projects on abandoned fields used protection 
against predation as well as control of herbaceous vegetation (Ward et al., 2000; Sweeney et al. 2002; 
Groninger, 2005; Cogliastro et al., 2006). Mechanical control treatments, such as plowing, have been 
used to reduce herbaceous competition, but they can also slow dawn site restoration by eliminating 
natural regeneration, disturbing soil, and decreasing organic matter, microbial activity and mycotThizal 
diversity (Sampaio el al., 2007, Barea et al., 1997, Alguacil el al., 2008). Light mechanical treatments, 
such as mowing and shallow cultivation, have also been used, but their effects fade rapidly (Cogliastro el 
al. , 1990; Coll et a!., 2007). Despite their lower efficiency in controlling root competition by herbaceous 
plants, plastic and weed cloth mulch mats are often privileged as they efficiently decrease aerial 
competition, have positive effects on tree growth by increasing soil temperature and moisture, and 
because they are more socially accepted than herbicides (Davies, 1985, 1988; Truax and Gagnon, 1993; 
Lambert et al. , 1994). However, using non-biodegradable mulching materials, or plastic spiral protectors 
and treeshelters against predation requires returning to the planting site after a few years to remove these 
materials. 
Because tree responses to predation, herbaceous competition or environmental conditions are not the 
same for every species, restoration of abandoned fields should be designed at the seedling scale rather 
than the field scale. Treatments should be applied according to variable site conditions and the 
charactetistics of the tree species. This approach is based on the ptinciples of precision agriculture to 
increase efficiency and decrease environmental and economie costs. Many definitions of precision 
agriculture have been proposed since its inception in the 1980s, but Gebbers and Adamchuk (20 10, p. 828) 
summarized it as "a way to apply the right treatment in the right place at the right time". We propose that 
precision restoration requires application of the right treatment to the right species at the right place. 
43 
2.2.1 Objectives and hypotheses 
In this paper, we pose the following questions: (1) Are different tree species or tree ftmctional groups 
affected differently by predation and herbaceous competition? (2) Is the growth of different tree species 
influenced by the ab und ance of some herb groups and by soil mois ture? We hypothesized that: (1) conifer 
species are less affected by predation than broadleaved species; (2) survival of moderately to highly 
shade-tolerant species is not negatively affected by herbaceous vegetation, but (3) the growth of these 
non-pioneer species is more strongly affected by competition than are pioneer species; and ( 4) 
competition effects on tree growth increase with the abw1dance of Solidago and Aster species that 
surround tree seedlings. The main goal of this research was to test whether restoration success of 
abandoned agricultural fields using multi-tree species could be improved by a greater ftmctional 
understanding, at the tree species level, of the effects of predation, competition and facilitation on tree 
survival and growth. 
2.3 Methods 
2.3.1 Stucly area 
The study was conducted in a peri-urban area of Montréal (Québec, Canada), in the agricultural zone 
of Laval (45°40'N; 73°43'W). The regional climax forest is a sugar maple- hickory forest. The climate is 
humid continental with average annual temperature of 6.8 °C, recorded at the Montréal Pierre E lliott 
Trudeau weather station (45°28'N; 73°45'W). Monthly means are 2l.2°C in July and -9.7°C in January, 
the warmest and the coldest mon th (means were calculated for the 198 1-20 10 period; Environment and 
Climate Change Canada, 2013c). Arumal precipitation is 1000 mm, of which around 20% fa lls as snow 
(Environment and Clin1ate Change Canada, 20 13c). The experiment took place in three abandoned 
agricultural fie lds. Fie ld # 1 (surface area :::::9000 m2) is separated from field #2 (:::::23 ,000 m2) by a ditch 
bordered by eastern cottonwood (Populus deltoides) trees. These two fields are situated on the south side 
of a 3.5 ha forest composed of silver maple (Acer saccharinum), black ash (Fraxinus nigra), green ash 
(Fraxinus pennsylvanica), eastern cottonwood (Populus deltoides) and eastern white cedar (Thuja 
occidentalis) trees. Field #3 (:::::9000 m2) is located on the nori h side of this forest. 
The abandoned fields bad similar past land use. They were cultivated for more than 25 years for 
grains and vegetables w1til the early 2000s. Following this agricultural period, the sites were colonized by 
ruderal herbaceous species and were mown once or twice a year, until the fa ll preceding the experiment 
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(2009). The vegetation was principally dominated by grass species (Poaceae spp. and Cyperaceae spp.), 
Solidago, Trifolium, Sonchus and Aster species. Daucus carola, Taraxacum officinale, Cirsium spp., 
Arctium spp. and Erigeron spp. were also common. Total ground coverage by all species was around 65% 
in each field at the time of plantation. Mowing prevented tree and slu-ub establislunent, but ash (Fraxinus 
sp.) seedlings colonized the sites as soon as mowing ceased, i.e. in first SU11m1er (2010) following 
plantation. 
The surface deposit is a mix of glacial (till) and marine deposits. Soil is an orthic melanie brunisol 
type (IRDA 2008). The fust two fields and the majority of the third one are covered by a stony clay loam 
that is moderately well drained while the remaining part of the third field is a well-drained clay loam 
(IRDA 2008). Topography is mainly flat although there are slight depressions. The experimental design 
(see below) was included in a restoration project of the abandoned fields using more than 15 000 tree and 
shrub seedlings (height < 1 m) planted from June to August 2010, at least 2 meters from experimental 
plots. 
2.3.2 Experimental design 
The study took place between the end of May 2010 and the end of September 2012. Trees were also 
measured in June 2015, but no vegetation treatment (weeding or mowing) was done between 2012 and 
2015. Four 40.5 m x 27 m experimental blocks were established at least 25 metres from mature trees and 
roads, along an east-west axis: one in field # 1 (surface area of :::: 1 ha), two in the second field (23 ha), and 
one in field #3 (1 ha) . Experimental blocks were divided into six plots following a split-plot design where 
the main factor was "protection" (plastic spirals aga inst small mammals vs no protection) and the sub-plot 
factor was "vegetation" (VG, intact herbaceous vegetation; M, mulch mats; BS, bare soil). Eight tree 
seedlings of eight species were randomly planted within each plot for a total of 192 trees per species. 
Species that were used in the experiment are native to the area and easily available, and represent a 
gradient of growth rates and shade tolerances (Table 1). The chosen species were: paper birch (Betu!a 
papyrifera), yellow birch (Betula alleghaniensis), tan1arack (Lm-ix !aricina), red pine (Pinus resinosa), 
northem red oak (Quercus rubra) , red ash (Fraxinus pennsylvanica), red maple (Acer rubrum) and sugar 
maple (Acer saccharum). 
Container-produced tree seedlings were obtained from the Berthier nursery (Berthierville, QC) of the 
ministère des Fôrets, de la Faune et des Parcs du Québec and were delivered in cold-storage. All tree 
seedlings were container-produced (initial sizes are provided in table 2.1). Broadleaved species were one-
year-old, while conifer species were two-years-o ld. Seedlings were kept in a clark cool room (:::::15°C) until 
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manual planting from May 28 to June 11 , 2010. Seedlings were planted at 1.5 m spacing from one 
another. They were watered once after planting. 
One-tlurd of the tree seedlings were planted directly into the herbaceous vegetation (VG), which was 
less than 20 cm high at the time of planting. Another third of the tree seedlings were swTounded by a 50 
cm x 50 cm x 8-10 mm organic mulch mat (M) made of coconut fiber (B iomat, Multi-fonnes Inc. , La 
Guadeloupe, QC) installed inunediately following planting. Mats were affixed to the ground surface with 
four U-nails. Finally, the remali1ing tree seedlings were planted on bare soil (BS) . Before planting, 
herbaceous vegetation was eut to the grow1d level with a gasoline-powered weed cutter. An herbicide 
(Roundup® concentra te, glyphosate 143 g/L; 100 mL diluted in two litres of water, 25 L/ha) was a pp lied 
within a 50 cm radius of the locations in wluch seedlli1gs were to be planted. Tree seedlings were planted 
one week after herbicide application. From July 2010 to September 2012, the vegetation was regularly 
hand-weeded to maintain bare soil conditions in a 30 to 35 cm radius around each tree. In rows between 
bare soil seed1ings, vegetation was mowed with the weed cutter to prevent the herbaceous vegetation from 
exceeding 20 cm in height. 
In Ju1y 2010, half of the tree seedlings were protected from small ma1mnals (voles, rabbits, etc.) 
using spiral plastic protectors (TIMM Enterprises Ltd. , Milton, ON) 35 cm high, affixed to the ground 
with a U-nail. If trees were smaller than 50 cm tall, plastic protectors were eut to adjust to seedling size. 































































































































































































































































































































































































































































































































































2.3.3 Tree measurements 
2.3.3.1 Survival and growth 
Tree survival was evaluated every spring and faU from faU 2010 to fall 2012 as weU as in June 2015. 
Tree mortality due to small mammal predation can be inferred to be when survival rates are higher for 
seedlings protected with a plastic spiral than for seedlings unprotected. Direct observations of predation 
(rabbit, vole or deer predation) damage causing tree mortality were also made. Height and diameter were 
measured every fa ll (20 10-2012) and in June 2015. Height was measured as the distance between the soi ! 
surface and the apical me1istem while diameter was measured 5 cm above the soil swface. We calculated 
the relative growth rate (RGRx) ofheight or diameter using this formula: 
RGRx ln(X2) - ln (Xl) 
T2 -Tl 
w he re X 1 COITesponds to seedling height or diameter in year T 1, X2, height or diameter in year T2. 
2.3.3.2 Foliar measurements 
Foliar predation by invertebrates and folim· pathogens were estimated for all tree seedlings in 
September 2011 . When more than 30% of leaves showed signs of invertebrate predation (such as sawfly 
damage) or disease (such as tar spot of maple), we classified the seedling as being affected by invertebrate 
predation or foliar disease. The number of leaves or branches (for conifers) was cow1ted on each seedling 
between the end of July and the beginning of August 2012. Between August 15-23 2012, two trees per 
species were randomly chosen in each plot among those having a mininmm of 25 leaves (if not possible, 
trees having the highest nwnber of leaves were chosen). This minimum number of leaves per individual 
was required for foliar analyses. Leaves and needles were placed between wet paper towels and were kept 
moist a11d cool until laboratory a11alysis. Specifie leaf area (SLA) was only measured for leaves of the 
hardwood species: paper birch, red maple, yeUow bii·ch, red oak and sugar maple. SLA was measured 
fo llowii1g the method desc1ibed by Comelissen et al. (2003). Ten healthy leaves, or the maximum number 
of healthy leaves if there were Jess than ten leaves, were sca1med the day of collection. Leaf area was 
calculated using the Winfo lia software (Régent Instruments, Québec, Canada). Ail leaves and need les 
were dried at 70 ' C for at !east 48 hours before their mass was measured or before grinding. SLA was 
calculated as the total one-sided area of fresh leaves divided by their oven-dried mass and was expressed 
in mm2 mg·'. Leaves were finely ground with a vibratory pulverisette (Fritsch, Idar-Oberstein, Germany). 
Between each sample, the pulverisette was cleaned with a vacuun1 and rinsed with ethanol (70%). 
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Concentrations ofnitrogen (leafN) were ana lysed on a Leco CNS-2000 (LECO, St-Joseph, USA) by the 
laboratory of the Canadian Forest Service 's Laurentian Forestry Centre. 
2.3.4 Environmental variables 
2. 3. 4. 1 Soi! water content (SWC) and light 
Environmental measurements were taken on two seedlings per species that were randomly selected 
in each plot. Soil water content (SWC) was measured tltree times in the surru11er 2011 with a TDR-200 
probe (Spectrum Technologies Inc., Plainfield, IL, USA), using 12 cm rods. The first measurements were 
taken on June 101\ two days after a 10 nun rain, but the 9 preceding days were without rain (Envir01m1ent 
and Climate Change Canada, 20 13a). The second measurements were taken on 17 August, one day after a 
11 nun rali1 and tltree da ys after a rali1 of 22 nun. The third measurements were taken on 23 August, one 
day after a 3 nun rain and 2 day after a 40 nm1 rain (Environment and Climate Change Canada, 2013a). 
SWC was also estlinated on 21 September 20 12, three da ys after a 21 mm ra in (Environment and Clm1ate 
Change Canada, 2013b). Photosynthetic photon flux density (%PPFD) was measured using point 
quantum sensors (LI-COR Inc., Lincoln, USA) at a height of 30 cm on the south side of the seedlli1g. 
Measurements were taken at the end of July, 20 11 , on cloudy days, fo ll owing the method described in 
Messier and Puttonen (1995). 
2.3.4.2 Herbaceous vegetation 
On 17 August 2011, herbaceous biomass was measured around one randomly chosen seedling per 
species Ï11 each VG and M plot. After the first year, some herb plants began to pierce the organic mulch 
mats or grew through the crack in the midd le of the mulch mats . A li plants inside a 50 x 25 cm pl ot 
installed on the east side of the selected seedlli1g were eut to grow1d level and placed in a paper bag. 
Samples were ai r dried at 25" C unti l there was no further loss of mass due to humidity and then weighed 
to estlinate above-grow1d biomass of the surrounding vegetation. On 23 July 2012, li1 VG plots, an 
inventory of herbaceous vegetation was made next to the two same seedlings randomly chosen for SWC. 
Ali herbaceous species in a 50 x 25 cm plot were identified and their percent cover was evaluated. We 
grouped the species into five herb conununitie : Graminoids (grasses), So!idago spp. uch as Solidago 
rugosa, Asteraceae spp. such as Sonchus arvensis, Fabaceae species (legumes) such as Trifolium repens, 
and Apiaceae mainly dominatcd by Daucus carola. More than 95% of the species identified fit into these 
groups. Mean height of the surroundli1g herbaceous vegetation was estlinated at the sa me time. 
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2.3.5 Statistica/ analysis 
Seedling survival was evaluated using Chi-squared tests. We ftrst compared survival rates between 
experimental factors (protection, vegetation and protection x vegetation) from fall 20 10 to fa li 20 12 and, 
in the spring of 20 15. We th en compared mortality rates due to predation by small mammals (data 
combined from 20 10 to 20 12) between the vegetation treatments. Repeated measures analyses of variance 
(ANOV AR) and univariate analyses of variance (ANOVA), based on the two-way split-plot design, were 
performed for each species to evaluate the effects of protection and vegetation treatments on seedling 
height and diameter, number of leaves or conifer branches, leaf N, SLA, and SWC. Herbaceous biomass 
and light (%PPFD) were only compared between VEGETATION and MULCH MAT plots with 
ANOV As. Student and Tu.key tests were used as post-hoc tests. Log transformations were used when data 
were not normal. A multiple regression was used to estimate the effects of SWC, average herbaceous 
caver height, and percentage caver of each herb community on the height and diameter relative growth 
rate (RGR) of each tree species. Ali statistical analyses were performed using JMP l 0.0 and statistical 
significance was determined at p = 0.05 . 
2.4 Results 
2.4.1 General 
With the exception of paper birch, seedlings of the pioneer species exhibited grea ter survival than did 
non-p ioneer species. After five seasons of growth, mortality rates varied from 3% for red ash seedlings to 
6 1% for ye llow birch seedlings, ali treatments combined (Fig. 2.1 ). Pioneer species such as tamarack, 
paper birch, and red ash were the species with the highest height and diameter increments between fall of 















F-2010 S-2011 F-2011 S-2012 F-2012 S-2015 
-e-Tamarack -.- Red pine -+-Paper birch Red ash 
~Red maple .....,. Red oak Yellow birch - Sugar maple 
Figure 2-1 Rates ofseedling mortality in function oftree species from fall2010, 
spring and fa ll 2011, spring and fall 20 12, and spring 2015. 
2.4.2 Ejfects of predation and herbaceous vegetation on tree survival and growth 
Mortality due to predation was generally higher for non-pioneer species than for pioneer species, 
with the exception of paper birch (Tables 2.2 and 2.3). In fact, both birch species had mortality rates 
double that of the next most vulnerable species (Fig. 2.1 , Table 2.3). Many birch seedlings were found 
dead after the fi.rst winter and their mortality was principally related to predation, a1though competition 
also affected yellow birch survival (Fig. 2.1 , Table 2.2). Yellow birch (17%), paper birch (15%), red oak 
(7%) and sugar maple (6%) seedlings showed more signs of lethal small mammal damage than other 
species (Table 2.3). The vegetation control treatments also had an important impact on predation rates in 
the most vulnerable species. Seedlings of both species in the birch genus surrounded by mulch mat (M) 
were more affected by sma ll mammal damage than seedlings growing in vegetation (VG) (Tab le 2.3; x2 = 
23.153, p = <0.0001) . However, birch seedlings in both of these treatments were more susceptible to 
predation than bare soi! (BS) seedlings (x2 = 15.634, p = 0.0004) . The mortality due to predation of the 
non-pioneer species, red oak and sugar maple, was also inferior or did not occur in BS plots (Tab le 2.3; x2 
= 11.544, p = 0.003 1; x2 = 10.050, p = 0.0066, respectively). Effects of predation on red maple were 
observed in the spring 20 15 survey (Table 2.2; x2 = 8.202, p = 0.0042), but between 20 10 and 20 12 only 2% 
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of dead seedlings showed small ma~mnal damage (Table 2.3). Some red ash seedlings (3%) snipped by 
rabbits or voles produced new stems the year foliowing predation, explaining the decrease in mortality 
rates in 2012 (Fig. 2.1). 
The use of plastic spiral protectors did not have much influence on tree growth with the exception of 
a positive effect on red oak height from the second growing season onward (p < 0.03). However, it 
promoted anthills. In the fall of 2012, 9% of protected seedlings bad an anthill inside the protector while 
less than 2% of w1protected seedlings were surrow1ded by an anthill (x2 = 69.217 p < 0.0001). Anthilis 
did not affect tree survival or growth. 
Predation by rabbits led to two times more seedling mottality than predation by voles. Both species 
ofbirch seedlings were most affected by rabbit predation while red oak was the species preferred by voles 
(data not shown). Mmtality due to smallmanunal damage was observed on some protected seedlings of 
yellow birch (5.5%), paper birch (2%) and red oak (1 %). For these individuals, voles were observed to 
have eut roots u.nder the spiral protector while rabbits eut the stem above the protector. Herbivory by deer 
was negligible, only 5 seedlings died due to deer predation. Foliar herbivory by invertebrates was also 
minor ( 4% of tree seedlings, in total) and did not vary between treatments. Conifer species were not 
affected by any kind of herb ivory. 
Tree height and tree diameter responded similarly to vegetation treatments than tree diameter (Fig. 
2.2). In general, the survival of the pioneer species was not negative! y affected by herbaceous vegetation 
except at the end of the experin1ent for paper bit·ch and red maple seedlings (Table 2.2). However, the 
growth ofbroadleaved pioneer species was usually higher in bare soil plots (Fig. 2.2) . The conifer species 
were either tolerant of or facilitated by the presence of the vegetation layer. Red pit1e survival (>95% 
withit1 the first 3 years) , height, and diameter did not vary with any treatment at any time (Table 2.2, 
Fig.2.2b). Mortality of tamarack seedlings occurred principally within the frrst growing season following 
planting in bare soil plots or in mulch mat plots (Fig. 2.1 a, Table 2.2) . No effects of herbaceous 
vegetation were observed on tamarack diameter, but tamarack seedlings growing in BS plots were smaller 
than those in Mor in VG plots, after the frrst (F = 9.7673; p = 0.0118) and the second (F = 13.4052; p = 
0.0061) growing seasons (Fig. 2.2a). After three years , this relation was only margit1ally significant (p = 






























































































































































































































































































































































































































































































































































































































































































































































































































































Table 2-3 Tree mortality (%) due to predation compared between vegetation treatments (evaluated 
using signs of lethal small mammal damage on unprotected and protected seedlings, data 
compiled from Spring 2010 to Autumn 2012), tree mmtality in Autumn 2012 compared 
between protection treatments, and tree mortality in Spring 2015 (total) 
Mortali ty due to predation % dead seedlings (Fall 2012) % total (2010-2012) dead 
Species seedlings 
BS M VG Total Unprotected Protected Total (Spring 
2015) 
Tamarack 0 0 0 0 6.8 5.8 12.6 15.2 
Red pine 0 0 0 0 0.5 4.2 4.7 15.1 
Paper birch l.la 8.9 b 4.7 c 14.7 20.4 a 9.4 b 29.8 37.7 
Red ash 0 2.1 0 2.1 2. 1 0.5 2.6 3.1 
Red maple 0 0.5 1.6 2.1 4.2 1.6 5.8 11.5 
Red oak Oa 2.6 b 4.2 b 6.8 13.6 a 5.2 b 18.8 33 .2 
Yellow birch 0.5 a 10.1 b 6.4 c 17.0 27.5 a 12.7 b 40.2 60.8 
Sugar maple Oa 3.7 b 2.1 b 5.8 12.1 7.9 20.0 33.5 
BS: seedlings growing in a bare soil , M: surrounded by organic mulch mat, VG: or in intact herbaceous 
vegetation. Means for each species were tested using ANOV A and then compared using Tukey tests 
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Fall 2010 Fall 201 1 Fall 201 2 Spring 2015 
Figure 2-2 Height and diameter of seedlings (!east-squares means and SE) growing in bare soil plots 
(light grey), surrounded by mulch mat (medium grey) or in vegetation plots (black), from 
auh1mn 20 10-20 12 and in spring 20 15. 
Herbaceous vegetation showed also some evidence of facilitation on sugar maple survival (Table 
2.2). After the first growing season, sugar maple surv iva l was lower in BS plots (x2 = 6.330, p = 0.0422) 
whereas after the second growing season, sugar maple sm-vivat was higher in VG, but only for seedlings 
protected against predation (x2 = 6.344, p = 0.0419). The survival of the other two non-pioneer species 
was on the contraiy higher in BS plots (Tabl 2.2). Th growth of non-pion r sp ci s was gr at r in BS 
plots (Fig. 2.2). 
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No benefit of the organic mulch mats on tree sw-vival was observed in this experiment. Mulch mats 
had comparable effects to or more negative effects than herbaceous vegetation (Table 2.2, Fig. 2.2). In the 
second growing season, herb biomass (47 g) crossing the organic mulch mats (F = 2.7507, p = 0.1958) 
and %PPFD at 30 cm high (60%; F = 0.7491, p = 0.4504) were not different from herb biomass 
and %PPFD in intact vegetation (65 gand 69%, respectively). By the end of the expe1iment, mulch mats 
were mostly decomposed. 
After five years, survival of all pioneer species seedlings growing in herbaceous vegetation was 
higher than 75 %, except for paper birch (Fig. 2.3a). Excluding red maple, they all had height growth 
increment of more than 30 cm (Fig. 2.3b) . In contrast, non-pioneer species seedlings surrounded by 
vegetation had lower sw-vival and height growth rate. The size of unprotected red oak seedlings 
significantly decreased due to leader mortality or the appearance of a new stem following small mammal 
damage. In fact, this decline in size was observed on more than 50 % of red oak seedlings when ali 
treatments were combined. 
2.4.3 Foliar attributes, soif water content, and tlze influence of herb communities 
Ail broadleaved species but yellow birch had more leaves (p < 0.01) and a lower specifie leaf area 
(SLA) (p < 0.03) in bare soil plots (SLA was not measw-ed for red ash and conifers). Nitrogen (N) in 
conifer needles or in birch leaves was not affected by the presence or absence of herbaceous vegetation 
(Table 2.5). LeafN was however higher in BS plots for the three endomycorrhizal (AM) tree species: red 
ash (F = 47.9526; p =0.0002), red maple (F = 11.8862; p = 0.0081) and sugar maple (F = 55.9883; p = 
0.0001). More seedlings with superficial bare roots were observed in BS plots for all species, but paper 
birch and sugar maple (Table 2.4). 
Soil water content (SWC) did not vary between vegetation treatments in 2011 nor in 2012. Further, it 
did not influence the relative growth rate (RGR) of seedlings growing in herbaceous vegetation (Table 
2.5). The relative growth rate (RGR) of red maple and conifer species was positively related to the height 
of the herbaceous layer. In general, no specifie herb community influenced tree growth, other than 
Solidago species which had negative effects on red ash and red maple growth (Table 2.5). Grasses had a 















Figure 2-3 Differences of (a) survival rates in spring 2015 and (b) height growth increment (201 0-2015) 
for seedlings growing in herbaceous vegetation. Black bars: seedlings unprotected against 
small mammal predation. Grey bars: seedlings protected. (* P < 0.05 , two-sample t-test). 
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Table 2-4 Vegetation treatment effects on leaf nitrogen (N) and rooting (%) 
Species 
Leaf nitrogen (N) Supedicial bare roots 
BS M VG BS M VG 
Tamarack 1.91 1.46 1.43 11.6 x 1.7 y 2.3 y 
Red pine 1.02 1.07 0 .97 12.8 x l.l y 2.7 z 
Red ash 2.30 a 1.43b 1.62 b 8.1 x Oy 3.8 z 
Paperbirch 2.28 1.84 1.93 3.4 0.7 0.7 
Red maple 1.68 a 1.16 b 1.23 b 10.4 x 0.6 y 2.7 y 
Y ellow birch 1.95 1.86 1.79 6.1 x Oy Oy 
Red oak 1.68 a 1.11 b 1.24 ab 9.2 x 0.6 y 1.8y 
Sugar maple 1.68 a 1.13 b 1.22 b 1.8 0 2.4 

























































































































































































































































































































































































































































































































































Generally, tree survival was less negatively affected by herbaceous vegetation than tree growth 
(Table 2.2, Fig 2.2) and tree mortality was more due to predation than competition effects (Table 2.3). 
2.5.1 Predation 
Compared to other studies, predation by deer and small man1111als was relatively low, supporting that 
predation is deterrnined by the envirorunent and predator densities (Ostfeld et al., 1997; Stange and Shea, 
1998; Sweeney et al., 2002; Bergman et al. , 2005) . Tree species preferences also differed. For instance, 
rabbits and voles can potentially inflect damage on pine seedlings in fields or forests (Bucyanayandi et al,. 
1990; Gill and Marks, 1991 ; Bergman et al. , 2005), but none of our conifer species exlùbited any signs of 
herbivory. Differences in seedling size, growth rate, density of resin drop lets on the stem, the presence of 
specifie monoterpenes in the bark, and palatability are among the factors that have been proposed to 
explain species and seedling preferences of herbivores (Bucyanayandi et al. , 1990; Ostfeld et al. , 1997; 
Pusenius et al., 2001 ). Birch species were the most vulnerable to small manm1al damage, particularly by 
rabbits. They were also the smallest at time ofplanting (Table 2.1) and had the smallest diameters, at least 
in the frrst two years of growth (Fig.l). By the fifth year of growth, red maple was the only species that 
had been affected by predation and, at that time, one of the species with the smallest diameters (Table 2.2, 
Fig. 2.2). Our results thus lead us to suggest that seedlings with small diameters are more vulnerable to 
small man1111al damage. 
Predation was as important as or more important under mulch mats than in the vegetation layer. 
Mulch mats may offer the same protective benefits for small manm1als against theit· predators as does an 
herbaceous caver. They allow voles to feed and move safely beneath caver, whereas the presence of mats 
may focus attacks made by rabbits by making the young tree seedlings easier to see (apparent) it1 the 
vegetation cover. 
2.5.2 Competition, tolerance, andfacilitation 
Contrary to what we expected to see and to what has been observed rn the tropics (Hooper et al. 2002, 
Doust et al., 2006, 2008), the survival of the two modera tel y shade-tolerant and non-pioneer species was 
negative! y affected by herbaceous competition. In contrast, slight effects of facilitation were identified on 
the sw-vival sugar maple, the species with the highest shade-tolerance (Niit1emets and Valladares, 2006), 
and consistent with what Berkowitz et al. (1995) had observed. Sw-vival and growth of conifer species were 
not affected negative! y by herbaceous vegetation (tolerance), with positive effects also being observed regarding 
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sw-vival and height growth oftamarack seedlings. These positive effects suggest that facilitation does not on.ly 
occw- in harsh conditions such as dry environments (Bertness and Callaway, 1994; Holmgren et al., 1997; 
Callaway and Walker, 1997). 
Competition for water was probably low on ow- sites. No effects of soil water content (SWC) on 
relative growth rates were found for any species and no differences on SWC were observed among 
treatments. However, herbaceous vegetation may have reduced beat and desiccation stresses in the 
uppennost few centimetres of soil; reductions that benefited tamarack, which bas a shallow root system 
(Strong and Roi, 1983). In the first two growing seasons, few heat wave (>30 °C) events were observed 
(Envirom11ent and Climate Change Canada, 2013b). Tamarack is one of the species (together with red 
pine) that has low specifie root Jength (SRL) (Tobner et al., 2013). It develops roots that were shOiier and 
thicker than any of the broadleaved species that were tested. Positive effects of herbaceous vegetation on 
tree sw-vival have been previously observed in other mesic habitats, including facilitation of pine 
seedlings in temperate-zone old fields, but facilitation effects on growth such as those that were observed 
for tamarack are rare (De Steven, 1991b; Gil and Marks, 1991; Goldberg et al., 1999; G6mez-Aparicio 
2009). Similarly, the seedling heights of hybrid larch (Lm-ix x marschlinsii Coaz) that had been planted 
for a boreal reforestation project were positive] y related to vegetation co ver (Buitrago et al., 20 14). 
While the growth of broadleaved species was influenced by competition, onJy endomycorrhizal (AM) 
tree species bad higher JeafN in bare soil plots. Furthennore, So!idago species exerted negative effects on 
red maple and red ash growth. Burton and Bazzaz (1995) also observed lower foliar N for ash seed.lings 
that were growing in Solidago patches. In abandoned agricultural fields , forbs and many grass species 
decrease the rate of N accumulation in the soil (Knops and Tilman, 2000). Frequent mowing promoted 
Trifo!ium species in the mowing rows in the bare soi] plots, from the second growing season onward, 
which could have a fettilization effect because legumes increase soil N availability (Knops and Tilman 
2000). The explanation may be also related to mycon·hizae. Arbuscular mycorrhizal fungi do not promote 
tree N acquisition at low N supplies, in contrast to ectomyconhizal fungi (Reynolds et al., 2005; Smith 
and Read, 2008) . Despite the few negative effects of Solidago species on tree growth, no herb conununity 
seemed to be a stronger competitor than another. The vegetation swTounding the tree seedlings was 
composed of multiple herbaceous species which may have diluted any allelopathic effects that might 
occm in pure dense cotru11w1ities of Solidago and Asteraceae (Horsley, 1977; Bmion and Bazzaz, 1995). 
We established that conifer species and red ash are tolerant to herbaceous vegetation because they 
had high smvival (>75%) and height increment of more than 50 cm after five years in vegetation plots. 
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Tree species can be stated as tolerant to herbaceous vegetation if they have high survival rates, even if 
they have reduced growth, because many of the seedlings will eventually outgrow the vegetation layer 
(Conne! and Slatyer, 1977; De Steven, 199lb). As expected, pioneer species had higher growth rate than 
non-pioneer species, except for the moderately shade-tolerant red maple which bad however a survival 
rate higher than 75%. Due to a low survival rate (19% for yellow birch) and a low or negative growth rate 
(for red oak), we consider the two moderately shade-tolerant and non-pioneer species as being inhibited 
by the herb cover wh.ich had both direct and indirect (via predation) effects (Fig. 2.3). 
2.6 Towa.-d precision r·estot·ation 
In this restoration experiment of an abandoned mesic field using multi-tree species as seedlings, 
soi! water content did not differ between treatments and did not affect tree growth. In addition, the 
abundance of different herbaceous groups did not have mu ch influence on relative growth rates. However, 
seedling performance varied according to functional groups of trees. In the context of precision 
restoration, the right treatment should be applied to the right species. For instance, our study showed that 
conifer species could be planted without controlling for competition and predation, as they were highly 
tolerant to or facilitated by herbaceous vegetation and unaffected by herbivory. Nevertheless, herbivory 
may vary with the enviromnent, predator density and the diversity of species used. 
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Tree plantations are commonly used to restore abandoned agricultural fields with varying 
degrees of success. Agricultural soils differ from forest soils in nutrient availability and 
microbial communities. The obj ective of this study was to test the effect of adding small 
amounts of forest sail on the survival, growth and rates of mycorrhizal fungal colonization of 
trees planted in an abandoned agricultural field over the crucial first three growing seasons. 
Seedlings of two arbuscular mycorrhizal (AM) and two ectomycorrhizal (EM) tree species 
were planted in an abandoned agricultural field. Soil inocula were taken from four forest 
stands, each dominated by one of the planted species. Half of the soi! samples were sterilized 
before inoculation to distinguish microbial from nutrient effects. The effect of soil inoculwn 
quantity added was tested using 300 and 1500 ml of forest soil. Tree mortality was law and 
did not vary between treatments . The growth of EM tree species responded, positively or 
negatively, to forest soi! inoculation. A negative feedback was detected on the growth of red 
oak seedlings inoculated with non-sterilized red oak sail, suggesting support for the Janzen-
Connell hypothesis. Seedlings inoculated with EM sterilized soils were smaller than control 
seedlings, presumably due to lower nutrient availability of EM forest soils compared to 
agricultural field sail. The maj01ity of the effects, either positive or negative, were observed 
the first year. After three seasons of growth, only yellow birch seedlings that had received 
1500 ml of non-sterilized red oak soi! still benefited from soil inoculation. More research is 
needed in nutrient-lirnited soils to determine whether inoculation would have greater or 
longer tenn benefits on tree survival and growth. 
Keywords Abandoned agricultural field, ecological restoration, forest soil inoculation, tree 
seedlings, tree growth, mycorrhizae. 
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3.2 l ntJ·od uction 
Long-tenn intensive agricultural activities may decrease soi! organic carbon, nut1ient 
availability as well as microbial biomass (Dick, 1992; Lal, 2004; Rosenzweig et al., 2016). A 
reduction in myconhizal diversity and mycelium abundance bas also been reported in such 
sites (Jonhson, 1993; Helgason et al., 1998; Alguacil et al., 2008). It bas recently been 
suggested that soil microbial communities could be manipulated to enhance the success of 
ecological restoration (Heneghan et al. , 2008; Harris, 2009; Hoeksema et al., 2010). 
Myconhizal fungal and bacterial inoculations have been previously tested to improve the 
survival and growth of outplanted nursery-produced tree seedlings (Trappe, 1977; Kropp and 
Langlois, 1990; Torrey, 1992). However, plant response (e.g. biomass) to inoculation could 
be greater if instead ofusing a single mycorrhizal fungus, severa! myconhizal fungal species 
and non-mycorrhizal microbes are present in the inocu lum, or the whole-community so il is 
used as an inoculum (Hoeksema et al., 2010; Urgiles et al., 2014). In effect, mycorrhizal 
function and behaviour are general! y stimulated by an array of soil organisms, although some 
inhibitory interactions are possible (Fitter and Garbaye, 1994). 
A simple method to inocula te trees would be to add soil containing desirable mycorrhizal 
fungal spores to a site that is deficient in these fungi (Schwartz et al. , 2006), such as forest vs 
agricultural soils. Diversities of arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) 
fungi are higher in forest soils than in agricultural soils , but AM fungi are more abundant 
than EM fungi in agricultural soils (Helgason et al., 1998; Berman and Bledsoe, 1998; Dickie 
and Reich, 2005). Moreover, soils with high carbon levels and well-balanced nutrients 
generally have a positive impact on tree nutrition (Pinno et al., 2010; Ens et al., 2013). 
Therefore, adding a small amount of forest soil to an abandoned agricultural field could 
potentially create planting nùcrosites that optinùze tree survival and growth. 
Most studies exploring the effects of forest soi l inoculum on tree seedlings have used pot 
studies and/or have conducted short-ten11 (< 1 year) experiments (Packer and Clay, 2000; 
O' Brien et al., 2011; Urgiles et al., 2014; Dulmer et al., 2014) . In pot studies, effects offorest 
soi! transfer were observed on seedling growth, but the soil inoculum was nùxed with a 
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sterilized subsb·ate (Borchers and Perry, 1990; O'Brien, Gomola and Hotton, 2011 ; Urgi1es et 
al., 2014). Thus, tree seedlings had access to an environment in which the added microbes 
were not competing with field microbes. Previous field expeliments using soil transfer to tree 
seedlings usually showed an increase in EM funga l colonization, but the presence or absence 
of effects on growth depended on soil provenance, field conditions, and tree species 
(Amaranthus and Perry, 1987; Helm and Carling, 1993; Bem1an and Bledsoe, 1998; Dickie et 
al., 2007) . 
The main objective of this study was to evaluate the effects of adding forest soil to tree 
seedlings planted in an abandoned agricultural field and to follow their survival and growth 
over three growing seasons. The specifie objective was to compare the responses of two 
ectomycorhizal (EM) tree species and two arbuscular mycon·hizal (AM) tree species to the 
different soi! inoculation treatments. Since associations with EM fungi usually confer more 
benefits to tree seedlings than associations with AM fungi (van der Heijden and Horton, 2009; 
Bradford, 2014) and AM fungi should be more abundant than EM fungi in agricultural soils, 
a grea ter response from EM tree seedlings was expected. W e also questioned the effect of 
host specificity and soi! provenance: does soil inoculum collected under a mature tree of the 
same species have effects similar to that of inoculum collected under a different species on 
the receiving seedling? Since many mycorrhizal fungi are not host specifie (van der Heijden 
and Ho1ton, 2009), we hypothesised no effect of soil provenance. 
3.3 Materials and methods 
3.3.1 Study area 
The experiment was cond ucted at the city of Monb·éal' s tree nursery, in the suburb of 
L'Assomption ( 45°48'3 8''N; 73°26'26"W). The region is characterized by a hum id 
continental elima te. For the 1981-2010 period, the average a1mual temperature recorded at 
the nearest weather station (Verchères, 45°46'N; 73°22'W) is 6.6°C, with monthly means of 
21 °C in July and -1 0°C in January wh ile average an nuai precipitation is 984 mm, of which 
almost 20% falls as snow (Envir01m1ent and Climate Change Canada, 2015). The experiment 
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was established on two adjacent abandoned agricultural fields separated by a 5 m wide buffer 
of young Norway spruce (Picea abies). Soil is a fme to very fine sandy loam (ill.DA, 2008). 
Fields were mown once or twice a year since the end of agricultural crop production more 
than 15 years ago. Mowing promoted ruderal herbaceous vegetation dominated by grass and 
claver species which are hosts of arbuscular mycoiThizal species. 
3.3.2 Experimental design 
This controlled field ex periment be gan in May 2012 and the last growth measurements 
were taken at the end of the third growing season in August 2014. Four 12 x 36 m blacks 
were delineated in the largest abandoned field. Another block of the same size was delineated 
in the smallest abandoned field. Blacks were located at !east 5 m away from a forested strip 
and more than 30 m from the road to avoid edge effects. Each block was divided into two 
sections: the first for AM tree species and the second for EM tree species. Two AM tree 
species, red ash (Fraxinus penmylvanica Marshall) and red maple (Acer rubrum L.), and two 
EM tree species, yellow bu·ch (Betula alleghaniensis Britton) and northern red oak (Quercus 
rubra L.), were planted. Each half block was divided into 9 plots using a random split-plot 
design. For the first half of each block, the treatments were: (1) oil quantities (0 ml, 300 ml 
or 1500 ml of loose soil); (2) soil sterilization (sterilized or not, hereu1after named live soil); 
(3) soil provenance (red ash or red maple forest soils) and ( 4) tree species (red ash or red 
maple) (Fig. 3.1a). For the other half of the blacks, the fu·st two factors were the same, but 
the soi! provenance and tree species treatments were replaced by the EM species yellow birch 
and red oak (Fig. 3.lb). In each plot, 3 seedlings of the same species (9 plots, 5 blacks, 4 
species) were planted (total of 540 seedlings). 
These four hardwood species were selected because they are native to the area and 
seedlings are readily available. All four species have intermediate shade tolerance (Niinemets 
and Valladeres, 2006). Container-produced one year-old seedlings were provided by the 
Berthierville nursery of the Quebec Mulistry of Forests, Wildlife and Parks. Tllis nursery 
doe not inoculate seedling with any nlicrobes. Once delivered, seedlings were kept in a 
--------------------------------------------------------------------------------------------------------
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dark room (4°C, 90% humidity) before planting. Seed lings were manually planted at 2 m 
spacing on May 14 and 15, 2012 after the herbaceous vegetation was mowed. 
Following planting, a white 50 x 50 cm polyester and polypropylene felt mulch (Arbo-
Pro, Texel, Saint-Eizéar-de-Beauce, Canada) was placed around each tree seedling to reduce 
herb competition and maintain a stable climate while allowing water to penetrate the soil. In 
the rows between seedlings, vegetation was mowed every month during the summer. Each 
tree seedling was protected from small mammal predation using a plastic tree protector 
(Tinm1 Enterprises Ltd, Milton, Canada) . Tree protectors were 30 cm high for red ash, red 
maple and red oak seedlings, and 20 cm for the smaller yellow birch seedlings . No signs of 
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Figure 3.1 Conceptual framework of the experimental design for (a) arbuscular 
mycorrhizal (AM) tree species and (b) ectomycon·hizal (EM) tree species. 
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3.3.3 Soif collection and inoculation 
Soils were collected in forest stands located within a 1 00 km radius of the study area 
between May 7 and 9, 2012. AM forest soil samples were collected in the forests in 
proxim ity to the is land of Montréal, whereas EM forest so ils were col lected in the Lower 
Laurentians, starting about 60 km north of Montréal where the EM species are more abundant. 
More specifically, soil suppotiing red ash trees was collected in a woodlot outside the city of 
Laval, in an agricultural setting, approximately 35 km southwest of the study area 
(45°40'36''N; 73 °43'39"W). The wood lot is composed of many broad leaf species, but the soil 
was taken in a section dom.inated by more than 70% mature red ash trees. The soil has a h.igh 
act.iv.ity of ea1ihwonns (A. St-Den.is, pers. obs.) due to .its neutral pH (calcareous glacial till). 
It developed into a Melanie Brun..isol (Soil Classification Work.ing Group, 1998) or Eutric 
Cambisol (IUSS Work.ing Group WRB, 2015). 
Soil suppmiing red maple trees was collected in a relatively pure red maple stand 
bordering a river, near the city of Boisbriand, located about 50 km southwest of the study 
area (45°35'52''N; 73°50'04"W). The soi ! developed from a fluvial deposit and transitions 
from Gleysols to Gray Brown Luvisol (or Albic Luvisol) (Soil Classification Working Group, 
1998; IUSS Workll1g Group WRB, 2015), depending on drainage. Soil has high P content 
due to previous agriculturalland use on the uphill potiion of the site. 
Soils suppotiing yellow birch and red oak were collected at the Station de biologie des 
Laurentides of the Un iversité de Montréal, in Saint-Hippolyte, 95 km northwest of the study 
area. The Precambrian Sh.ield from wh.ich the yellow birch and red oak soils were sampled is 
characterized by thin glacial till soils derived from felsic (acidic) rocks (Bélanger et a l., 2012) 
that generally develop into Orth.ic Humo-FetTic Podzols (Soi! Classification Working Group, 
1998, or Orthic Podzols, IUSS Working Group WRB, 2015). For yellow bit·ch, soil was 
sampled in a sugar maple - yellow birch stand (45°58'51.3"N; 74°00'52.7"W) located on a 
gentle slope. For red oak, soil was collected in a sugar map le - red oak stand (45°58'17.0''N; 
73 °59'53 .4"W) located on a hilltop. In these two stands, sugar maple was the dominant 
.------------------------------------·--·-------- -----------
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species while yellow birch was the co-dominant species in the first one and red oak, in the 
otber. 
As microbe species and abundance could change during the growing season, another soil 
collection was conducted on August 16, 2012, at the same sites, but in areas undisturbed by 
the previous soil collection. In each forest type, soil samples were collected from w1der at 
least six mature trees (stems with DBH > 20 cm) of the target species in an area where the 
other tested species of the same mycoiThizal association was not present. Coarse woody 
debris and surface litter were removed before collecting soil (0-25 cm depth) between 0.5 and 
1 m from a mature tree. To avoid contamination, collection tools were washed with a bleach 
solution (1 0% of sodium hypochlorite) and rinsed with water between each forest soil 
collection. All soil samples from a given forest site were combined into a single bulk sample. 
Bulk samples were sieved using a 1 cm mesh, but fine root segments were kept. Ralf of the 
bulk samples were immediately stored in a dark cool room (4°C, 90% of humidity) for a few 
days before being brought to the planting site. The other half of the bulk samples received a 
gamma irradiation treatment at the Nordion's Gamma Centre (Laval, Québec) to eliminate 
invertebrates, fungi and other microorganisms (McNan1ara et al. 2003). The fu-st batch of 
soils was sterilised May 10 to 14, 2012, with a minimal dose of 51.1 kGy and a maximal dose 
of 73.9 kGy. The second bat ch was sterilised August 17 to 21, 2012, with a minimal dose of 
54.7 kGy and a maximal dose of 80.5 kGy. 
Inocula of 100 ml or 500 ml of live or sterilized soils were added in three steps for a total 
of 300 ml or 1500 ml of soil added. The fmt soil inoculwn (1 00 or 500 ml) was placed in the 
planting hole just before the seedling was planted and the second was applied at the soil 
surface around the seedling (;::;300 cm2) inm1ediately after planting. The third application was 
also at the soil surface around the seedling but three months a ft er plan ting (August 16 and 21 , 
2012) . In each block, the controls (three individual per species) did not receive any oil 
inoculum. 
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3.3.4 Soif analyses 
Subsamples of each soil type were air-dried and sieved at 2 mm before determining sand, 
silt and clay fractions using the hydrometer method Done (Kroestch and Wang, 2008) and 
soil pH in water (soi!: solution ratio of 1 :2.5). Organic C, total N and S were determined on 
fmely ground samples by combustion and infrared detection (CNS 2000, LECO Corporation, 
MD. Phosphorus, K, Ca, Mg, Mn, Al, Fe and Na were extracted from these samples using an 
unbuffered Mehlich III solution (Ziadi and Sen Tren, 2007) and measmed by inductively 
coupled plasma emission spectroscopy (Optima 7300DV, PerkinElmer, MA). Effective 
cation exchange capacity (CEC) was operationally defmed as the sum of Ca, Mg, K, Na, Al, 
Fe and Mn, whereas base saturation was expressed as the sum of Ca, Mg, K and Na on CEC 
(Hendershot et al., 2007). 
3.3.5 Data collection 
Survival, height and diameter at 5 cm above the ground were measured three weeks after 
planting (June 4, 20 12), at the end of the fJISt (September 19, 20 12) and second (October 4, 
2013) growing seasons, and on August 5, 2014. On September 24 2014, 15 seedlings per 
species (S x inoculated with 1500 ml of live soi t co llected in one forest, Sx inoculated with 
1500 ml of live soit from the second forest and Sx from the control plots) were randomly 
excavated using a side-digger which can excavate 60 cm wide and 50 cm deep. Roots were 
stored in a freezer at -14·c until analysed. 
Roots were gently washed under tap water and examined for mycorrhizal fungal 
colonization. For AM tree species, 25-30 root tips per seedling (approximately 1.5 cm long) 
were randornly selected. The ink and vinegar staining technique developed by Vierheilig et 
al. (1998) was adapted to clear and stain red ash and red maple roots. Roots were cleared by 
soaking them in 10% KOH at 9o ·c for 10 minutes for red ash roots and 3 homs for 
coriaceous red maple roots. After being rinsed with tap water, they were bleached with 3% 
H20 2 for 10 and 60 minutes for red ash and red maple roots, respectively. Roots were 
acidified in vinegar (5% acetic a cid) for 10 and 60 minutes for red ash and red maple roots. 
They were soaked in a solution of 5% black ink (Sheaffer Skrip #94231, Sheaffer 
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Manufacturing Co., Fort Madison, lA) and 95% vmegar overnight at room temperature. 
Roots were rinsed severa! times with tap water acidified with a few drops of acetic a cid. They 
were then placed in a destain solution made of 50% glycerol, 45% distilled water and 5% of 
HCl (1 %) solution for one week. Arbuscular colonization (AC) and hyphae colonization 
(HC) were assessed following McGonicle et al. (1990). A.rbuscules are produced by 
mycorrhizal fungi while hyphae may be produced by both myconhizal and non-myconhizal 
fungi (McGonicle et al., 1990) . Each of the 25 to 30 root tips per seedli.ng were examined 
w1der a compound microscope (200x magnification) at three locations, for a total of 75 to 90 
locations examined per sample. 
For EM tree species, approxin1ately 100 1 cm root tips were randomly selected among 
ali roots collected per excavated seedling and examined un der a dissecting microscope (1 0-
SOx). EM fungal colonization for red oak and yellow birch seedlings was assessed as the 
proportion of root tips with myconhizal structures (identified by color, branch.ing, shape, 
textme and presence of emanating hyphae) over the total number of root tips evaluated. A 
subset of 15-25 root tips/seedling was observed und er a compound microscope ( l 00-400x) 
to conflrm the presence of a Hartig net for EM tree species . 
3.3. 6 Statistica/ analyses 
Chi-square tests were used to assess seedling survival. Analyses of variance for repeated 
measmements (ANOV AR) and univariate analyses of variance (ANOV A) were performed 
for each species to evaluate the effects of soil i.noculum quantity, soi! sterilization, soil 
provenance, ti.me and thei.r interactions on seedli.ng height and diameter. Analyses were 
performed followi.ng a split-plot design (3 x2 factorial mode!): Block (random) x Soi! 
inoculum quantity x Soi! sterilization x Soi! provenance. The data satisfied the assumptions 
of homoscedasticity and normality. Student's t-test and Tukey test were used as post-hoc 
tests. The statistical design was not balanced if the control plots (no oil added) were 
i.ncluded in the analyses of variance. We thus used a 9x 1 factorial mode! which i.ncludes 8 
soi! treatment combinations (for example: "300 ml of sterilized yellow birch so i!") + the 
control. To conect for multiple comparisons, the Dunnett method was used as a post-hoc test 
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to evaluate whether treatment means were significantly different from control means. Levels 
of mycorrhizal fungal colonization were compared using ANOV As and cotTelated to final 
tree height and diameter with Pearson coiTelations. All statistical analyses were perfonned 
using JMP 10.0. Statistical significance was deternuned at p = 0.05. 
3.4 Results 
3.4.1 Soif c!Jaracteristics 
Basic physical and chemical characteristics of forest and agricultural field soils are 
presented in Table 3 .1. On the one hand, very lugh and high levels of ex tractable (Melhich 
III) P were measured for the agricultural soil (68 mg kg-1) and for red maple soil (40 mg kg-1), 
respectively, compared to the other forest soil types (ranging from 6 to 23 mg kg- 1). On the 
other hand, the agricultural field soil had the lowest organic C (1.44%) and total N (0.13%) 
levels and some of the lowest exchangeable Ca (5. 12 cmol(+J kg-1), CEC (31.4 cmol(+J kg-') 
and base saturation (19.8%) values in comparison to forest soi ls (2.93 -13 .0% for orgatuc C; 
0.32-0.64% for total N; 1.18-29.9 emoi(+) kg· ' for exchangeable Ca; 10.5-44.4 cmol(+) kg·' for 
CEC and 3.91-73.0% for base saturation). The molar N (total): P (Mehlich) ratio of the 
agricultural field soil ( 42.2) was much lower that1 ail other forest soils (174-2257) (results not 
shawn). The AM soils showed higher exchangeable Ca, base saturation and pH than the EM 
soils. Soils collected under mature red ash trees had the highest exchangeable Ca (28-30 
emoi(+) kg-'), base saturation (71-73%) at1d pH (7.25). The red ash and red maple soils had 
relatively high silt and clay content, whereas the more acidic yellow birch and red oak soils 
























































































































































































































































































































































































































































































































































































































Seedling sw-vival was high, with no mortality for red ash seedlings, one tree lost for red 
maple and five for red oak seedlings. Mortality was too low for chi-square tests, except for 
the EM spec ies ye llow birch (22 dead seedlings). However, neither so i! inoculum quantity (x? 
= 0.374; p = 0.54 1 0), sterilization (x}= 1.016; p = 0.3135) nor soil provenance (x2 = 1.330; p 
=O. 2488) affected survival. 
3.4.3 Effects of soi! treatments on AM tree species growtlz 
AM tree species did not show consistent or persistent responses to the addition of forest 
soil. None of the factors tested affected red ash height and diameter (Tables 3.2-3.3, Fig. 
3.2). However, after the first growing season (in the fa ll of 2012), the diameter of red ash 
seedlings receiving 1500 ml of live red maple soil (p = 0.01) and 300 or 1500 ml of sterilized 
red ash soi! (p = 0.04 and p = 0.01 , respectively) was larger than the diameter of seedlings 
that did not receive forest soil (Fig. 3.2b). These effects did not persist with tune (F = 0.74, p 
= 0.74; Table 3.2). 
The growth of red maple seedlings inoculated with forest soil was similar to the growth 
of seedlings in the control (Fig. 3.3). However, a significant "soi! inoculum quantity" x "so i! 
sterilization" x "so i! provenance" interaction (F = 10.99, p = 0.001) was detected for red 
maple height at the end of the first growli1g season (Table 3.3). Red maple seedlings 
inoculated with 1500 ml of live red ash soil were taller than seedlings receivmg 300 ml, and 
ta ller than those inoculated with 1500 ml of live red maple soil. Conversely, red maple 
seedlli1gs inoculated with soil collected under conspecific trees were taller than those 
inoculated with red ash soil, but only when 300 ml of live soil was added. These contrasting 
results do not provide strong evidence for positive effects of forest soil inoculation on red 
maple seedlings. 
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Ta ble 3.2 ANOV AR results for the height and diameter of red ash, red maple, yellow 
bircb and red oak seedlings as influenced by soil qua.ntity, soil sterilization, soil 
provenance, in interaction with time (tlu·ee g:rowing seasons included) 
Height Diameter 
d df F p F p 
Red ash 
Quantity x Time 79 0.2970 0.7438 0.1380 0.8713 
Ste1ilization x Time 79 1.5395 0.2209 0.3885 0.6794 
Provenance x Tune 79 0.5507 0.5788 0.6260 0.5374 
*Treatments x Tune 178 0.8449 0.6334 0.7414 0.7488 
Red maple 
Quantity x Time 78 0.9192 0.4031 0.2267 0.7977 
Ste1ilization x Time 78 1.6824 0.1926 4.1762 0.0189 
Provenance x Time 78 0.0254 0.9749 0.6182 0.5415 
*Treatments x Time 176 0.8821 0.5906 1.0617 0.3952 
Y ellow birch 
Quantity x Time 61 4.7287 O. 0123 2.0779 0.1340 
Sterilization x Time 61 1.4381 0.2453 0.8062 0.4513 
Provenance x Tu11e 61 0.5528 0.5728 1.3599 0.2644 
*Treatments x Tu11e 132 1.8205 0.0345 1.3528 0.1754 
Red oak 
Quantity x Time 74 9.7903 0.0002 5.7884 0.0046 
Sterilization x Tu11e 74 2.1813 0.1201 2.4714 0.0914 
Provenance x Time 74 0.5650 0.5708 0.3299 0.7200 
*Treatments x Tune 168 2.3605 0.0034 1.8556 0.0279 
*The fixed effect "Treatments" is the combination of the three levels of soi ! treatments (i .e. 
soil quantity, sterilization and provenance). lt includes control seedlings (no soi! added). F 
was estunated with Wi lks ' Lambda. 
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Table 3.3 ANOV A results for the height and diameter of red ash, red maple, yellow birch 
and red oak seedlings as influenced by soil quantity, soil sterilization, soil 
provenance, and their interactions after the flrst season of growth (Fall2012) 
Height Diameter 
d df F p d df F p 
Red ash 
Quantity (Q) 4 0.0478 0.8376 4 0.08 13 0.7897 
Sterilization (S) 4 3.9775 0. 11 69 4 0. 1727 0.6990 
Provenance (P) 4 0.5230 0.5096 4 0.0456 0.8413 
Q x s 4 8.1203 0.0464 4 1.1627 0.3416 
Q x P 4 0.5037 0.5170 4 0.0002 0.9902 
S x P 4 0.0137 0.9124 4 1.5584 0.2800 
Q x S x P 84 0.0246 0.8757 84 1.0218 0.3150 
Red maple 
Quantity (Q) 4.098 0. 1917 0.6836 4.049 0.0102 0.9245 
Sterilization (S) 4.006 0.0249 0.8822 4.032 0.0000 0.9968 
Provenance (P) 3.978 5.6159 0.0772 4.05 1 4.88 18 0.0908 
Q x s 3.969 0.0125 0.9164 4.032 0.5406 0.5027 
Q x P 4.103 4.7126 0.0940 4.035 0.0105 0.9234 
S x P 4.072 1.5456 0.2806 3.952 0.2183 0.6649 
Q x S x P 83.69 10.9947 0.0014 83.36 0.2855 0.5945 
Yellow birch 
Quantity (Q) 4.091 0.8417 0.4097 4.054 0.2624 0.6351 
Sterilization (S) 4.048 32.4920 0.0045 3.775 18.2019 0.0147 
Provenance (P) 4.118 1.5048 0.2854 3.991 0.0004 0.9842 
Q x s 3.746 13.5497 0.0238 3.981 5.8 11 9 0.0738 
Q x P 4.195 0.0177 0.9002 3.321 90.2128 0.0016 
S x P 3.812 0.0047 0.9488 3.88 1.8863 0.2436 
Q x S x P 81.21 3.0652 0.0838 80.42 0.0048 0.9448 
Red oak 
Quantity (Q) 4 27.7657 0.0062 4 0.0556 0.8252 
Sterilization (S) 4 11.3 11 3 0.0282 4 1.7069 0.26 14 
Provenance (P) 4 27.29 11 0.0064 4 0.8336 0.4129 
Q x s 4 6.3561 0.0653 4 1.1078 0.35 19 
Q x P 4 0.9235 0.3910 4 0.0005 0.9835 
S x P 4 1.7141 0.2606 4 0.5369 0.5043 
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Figure 3.2 Height and di ameter (mean ± sd) of red ash seedlings in the eight combined soil 
treatments compared to the control in a) and b) fall of 20 12; c) and d) fall of 
2013 ; and e) and f) summer of2014. 
Combined oil treatmeots: Inoculation witb 1500 ml ( 1500) or 300 ml (300) of forest so i!, witb live soi! 
(NS = non terilized) or terilized oil (S); and with oil collected under mature red maple tree (RM) or 
mature red a h tree (RA). An a teri k (preceded by the p,value) indicate that the mean differ from 

































Figure 3.3 Height and diameter (mean ± sd) of red maple seedlings in the eight combined 
soil h·eatments compared to the control in a) and b) fall of20 12; c) and d) fa ll of 
2013; and e) and f) swmner of2014. 
- - - ---------- -- ----------
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3.4.4 Effects of soi/ treatments on EM tree species growth 
The EM birch seedlings inoculated with live soil were taller and bad a larger diameter 
during the flrst year (F = 32.49, p = 0.005 and F = 18.20, p =0.01, respectively) than those 
inoculated with sterilized soil for all soil quantities and provenances combined (Fig. 3.4; 
Table 3.3). FUJthermore, yellow birch seedlings inoculated with sterilized soil (1500 ml of 
yellow birch soil, 300 or 1500 ml of red oak soil) were smaller than control seedlings at the 
end of the fu:st growing season (Fig. 3.5a). The effect on height was greater when 1500 ml of 
soil was added vs 300 ml (F = 13.55, p = 0.02; Table 3.3). In contrast to height, yellow birch 
seedlings inoculated with yellow birch soil (sterilized or not) bad a larger diameter when 300 
ml of soil was added instead of 1500 ml (F = 90.21 , p = 0.002; Table 3.3). This was only 
observed after one growing season. By the end of the third season, results bad reversed such 
that diameter growth of birch seedlings inoculated with 1500 ml of live soil was grea ter than 
with 300 ml (F = 14.49; p = 0.02) . Moreover, after the third year of growth, seedlings 
receiving 1500 ml of live red oak soil bad a larger diameter than controls (p = 0.005; Fig. 
3.5f). These effects coupled with the fu:st year effects suggest some benefits of adding live 
red oak soil to yellow birch seedlings when planting it in an abandoned agricultural field. 
Positive and negative feedbacks were observed on the growth of red oak seedlings. Oak 
seedlings inoculated with live (1500 ml) or sterilized red oak soil (300 or 1500 ml) were 
smaller than conh·ol seedlings after the first and second growing seasons (Fig. 3.6a,c). As 
with the other EM species, red oak seedlings were taller when inoculated with live soil vs 
sterilized soil after the fu:st year (F = 11.31 , p = 0.03; Fig. 3.7a; Table 3.3). Also, they were 
tallest when a small quantity of soil was added (F = 27.77, p = 0.006; Fig. 3.7b). First year 
red oak seedlings inoculated witb red oak soil were smaller tban those inoculated with yellow 
birch soil (F =27.29, p = 0.006; Fig. 3.7c) . At the end of the third surnmer, red oak seedling 
diameters were larger when inoculated with 1500 ml of soil instead of 300 ml (F = 11.21 , p = 
0.03). In contrast to height growth, diameter growtb did not differ between the soil treatments 
and the control (Fig. 3.6). In summary, for red oak seedlings, we observed: (1) a po itive 
effect of adding live compared to sterilized soil; (2) a positive effect of adding yellow birch 
soil compared to red oak soil (although there were no significant benefits of adding forest soil 
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compared to the control) (Fig. 3.6); and fmally (3) a negative feedback of live red oak soil on 
red oak seedling height. 
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Figure 3.4 (a) Height and (b) diameter (mean ± sd) of yellow birch seed lings after one 
season of growth (fall 2012) according to sterilization: non sterilized (live) soil 
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Figure 3.5 Height and diameter (mean ± sd) of yellow birch seedlings in the eight 
combined soil treatments compared to the control in a) and b) fall of 2012; c) 
and d) fall of2013; ande) and f) summer of2014. 
Combined soi! treatments: Inoculation with 1500 ml (1500) or 300 ml (300) of forest soi!, with live soi! 
(NS = non sterilized) or sterilized soi! (S); and with soi! co llected under mature yellow birch trees (YB) 
or mature red oak trees (RO). An asterisk (preceded by the p-value) indicates that the mean differs from 
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Figure 3.6 Height and diameter (mean ± sd) of red oak seedlings in the eight combined soil 
treatments compared to the control in a) and b) fail of 2012; c) and d) fall of 
2013; and e) and f) SU1m11er of 2014. An asterisk (preceded by the p-value) 
indicates that the mean differs from the mean of the control (Dunnett' s test). 
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Figure 3.7 Height (mean ± sd) of red oak seedlings after one growing season (fall 2012) 
according to a) sterilization; b) soil quantity; and c) soil provenance. 
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3.4. 5 Mycorrh izal Jung al colonization 
We observed >75% hyphae colonization (HC) for ash and maple seedlings. Forest soil 
inoculation did not increase arbuscular colonization (AC) of red ash (34 to 51%; F = 1.09, p = 
0.38) and red maple seedlings (68 to 70%; F = 1.89, p = 0.95) nor the EM fungal colonization 
ofyellow birch (40 to 60%; F = 0.94,p = 0.43) or red oak seedlings (30 to 43%; F = 2.02,p = 
0.19) . Hypha ofEM fungi observed on EM tree roots were less than 5 cm long. Mycorrhizal 
fungal colonization was not conelated to tree height (p > 0.19) and diameter (p > 0.22). 
3.5 Discussion 
3. 5.1 AM vs. EM tree species response 
We hypothesized a greater response from EM tree seedlings than AM tree seedlings and 
no effect of soil provenance because many mycorrhizal fungi are not host specifie (van der 
Heijden and Hmion, 2009). As expected, forest soil inoculum bad more effects on EM than 
on AM tree species. On the one band, only few temporar-y, weak or divergent effects were 
observed for the growth ofboth AM tree species. On the other band, yellow birch and red oak 
seedlings responded positively to the inoculation of live soil compared to sterilized soil in the 
first growing season, suggesting a possible microbial feedback. Moreover, birch seedlings 
receiving 1500 ml of live soil collected und er the trees of the other EM species (red oak) had 
a greater diameter than control seedlings after tl1ree growing seasons. This effect could be 
driven by microbes since birch seedlings inoculated with nutrient poor sterilized red oak soil 
were smaller than control seedlings after one growing season. 
The increase in yellow birch diameter was noted despite similar rates of myconlùzal 
infection measured in the tlùrd growing season. In fact, adding forest soil did not influence 
mycorrlùzal infection of any AM or EM tree species. The number of seedlings excavated 
might have been too few (5 per species per treatment) to detect an effect, especially since, in 
some cases, mycorTlùzal funga l colmùzation varied considerably within a treatment. 
Furihem1ore, tree seedlings produced in nurseries can be natur·ally colorùzed by spore 
inoculation, but tree seedlings growing in forests may have more and different myconhizal 
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fungal species (Gagnon et al., 1991 ; Southworth et al., 2009). As we conducted our study as 
a restoration project to test whether forest soil inoculation would affect tree survival and 
growth, we did not identify the myconhizal fungal species. Also, we did not measure the 
myconhizal fungal colonization within the first year. The differences in myconhizal 
infection between soil treatments might be greater after one season of growth and then fade 
with time (Dickie et al., 2007). This could explain the ftrst year effects identified on EM tree 
species which beneftted from live forest soil inoculation compared to the addition of 
sterilized soil. 
The greater responses of EM tree species than AM tree species are consistent with the 
literature. Fil-st, the density of AM fungi increases with time since abandonment until a shift 
occurs in the plant community from herbaceous vegetation to woody ectomyconhizal hosts 
(Jolmson et al., 1991). Thus, AM fungi are suspected to be more abundant than EM fungi in 
old fields. Second, EM tree species usually benefit more from mycorrhizal fungal 
associations than AM tree species, because exchange between myconhizal fungi and trees are 
greater for EM species than AM species (van der I-Ieijden and I-Imton, 2009, Bradford, 2014) 
Third, soil nutrient availability in the field may bave been more beneficiai to EM fungi than 
AM fungi . MycmThizal fungal colonization increases and provides more benefits for 
seedlings il1 nutrient-limited enviromnents, particularly il1 soils with low P availability in the 
case of AM species and il1 soils with low N availability il1 the case ofEM species (Jonsson et 
al. , 2001; Wiseman and Wells, 2005; Reynolds et al. , 2005; Smith and Read, 2008). 
Although the low organic C and total N levels of the agricultural soil was expected, we did 
not anticipa te such a high level of extractable P (i .e. 68 mg P kg-1, whereas Sawyer et al. 
(2002) proposed that relative yields of most crops are expected to be optimal between 26 and 
35 mg P kg- 1, Mehlich III). As a who le, the low molar N:P ratio of the agricultural soil 
suggests a low availability inN relative to P. This may explain the few positive effects of 
forest soil inoculation, principally for AM tree species, as well as the lack of positive 
conelations between m corrhizal fungal infection and tree growth. Fwthem1ore, when a 
productive soil has low C levels, plant growth can be slightly reduced because the C demand 
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of mycorrhizal fungi and mycorrhizal associations can shift from a mutualistic to a parasitic 
relationship (e.g. Johnson et al., 1997). 
The study site was covered by AM grass and claver species. Since AM fungi are not host 
specifie (Klironomos, 2000; van der Heijden and Horton, 2009), AM tree seedlings may have 
been col01ùzed by AM fungi present in the agricultural field abandoned for more than 15 
years. In addition, the generalist red ash and red maple species are well adapted to these 
environments as they are among the frrst to invade abandoned fields in our area 
(D'Orangeville et al., 2008). Open fields may contain ectomycorrlùzal propagules, but 
ectomycorrlùzas (EM) are more abundant and diverse in forests (Bennan and Bledsoe, 1998). 
Our results suggest that restoration of EM tree species in abandoned agricultmal fields may 
benefit more from forest soil additions than AM tree species. Similarly, the growth of an AM 
tree species (westem red cedar seedlings) was improved by AM myccorhizal inoculum when 
planted in ectomycorrhizal-donùnated hemlock-amabilis fir clearcuts (Guichon, 2015). 
3.5.2 The effects of soif provenance 
Contrary to our initial hypothesis, soil provenance somewhat influenced the results such 
as a positive effect of red oak soil on yellow birch seedlings. Conversely, one EM tree 
species responded negatively to the addition of forest soi! collected under conspecific trees. 
Red oak seedlings inoculated with red oak soil were smaller than those i:noculated with 
yellow birch soil and control seedlings. This negative feedback on red oak seedli:ng height 
was also observed when sterilized red oak soil was added, probably due to its low P content, 
8 times lower than that of the agricultural field soil, as well as lower exchangeable Ca, base 
satmation and pH ( <5). The negative effect observed in the first year followi:ng the 
inoculation of live red oak soi! persisted through the second growing season. In addition to its 
lower nutrient availability, it may be due to its pathogens because seedli:ngs inoculated with 
1500 nù of live red oak soi! were smaller than those in the control, whereas those that had 
received 1500 nù of ste1ilized oak soil were no longer different from the control in the second 
year of growth. 
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This negative conspecific effect provides sorne support for the Janzen-Connell 
hypothesis (JCH) . The JCH stipulates that mature individuals of a same tree species increase 
the abw1dance in their vicinity of conm1on enemies potentially inducing a negative feedback 
on seedling survival and growth (Janzen 1970; C01mell 1971). These enemies can be 
aboveground organisms (e.g. mammals, herbivores, insects, foliar pathogens), but the effect 
is considered to be mainly driven by soi! microbes (Bever et al., 201 0; Mangan et al., 201 0). 
Since only one of the four temperate species studied responded negatively to live soil 
inoculation collected under conspecific trees, our results suggest that tree species have 
different sensitivity to negative-density dependent regu lation induced by microorganisms. 
Due to harsher enviroru11ental conditions or the smaller impact of biotic interactions (see 
review by Schemske et al., 2009), the strength of the negative density-dependent effect is 
suggested to fade with increasing latitude (Janzen, 1970; Coru1ell, 1971; Rille Ris Lambers et 
al. , 2002). Y et, Packer and Clay (2000) concluded that sirnilar ecological mechanisms 
operate in temperate and tropical ecosystems after observing a strong distance-dependent 
effect of soi! pathogens Pythium spp. on the survival of Prunus sera fino seedlings grown in 
pots filled with soils collected w1der conspecific trees. 
Conversely, positive interactions due to ectomycorrhizal fungi were observed on 
seedlings grown in soils collected under conspecific trees (Dickie et al., 2007; O'Brien et al., 
2011). In our experiment, the absence of significant effects for sorne tree species may be 
related to a balance between the negative effects due to soi! pathogens and the positive effects 
due to mutualist species such as mycoiTlùzal fungi and N-fixing bacteria. 
3.5.3 The ejfects of soif inoculum quantity, nutrient availability, and lime 
Generally, stronger (positive or negative) effects were observed with 1500 ml of forest 
soi! inoculum instead of 300 ml. The impact of soi! inoculum quantity on tree growth could 
be explained by the leve! of nutrient availability found in the forest soils compared to the 
agricultural field soil. For example, the n gativ ffects obs rv d on EM trec growth whcn 
terilized soi! was added could be due to the lower nutrient availability in EM forest soils, i.e. 
when more forest soil was added, seedling roots likely bad lower access to nutrients than the 
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field so i! due to a " dilution" effect. In contrast, red maple seedlings inoculated with 1500 ml 
of live red ash forest soi!, which has higher pH, Ca levels and base saturation than the 
agricultural soi!, were taller after one season of growth than those that received only 300 ml. 
A slight increase in red ash diameter following the addition of 1500 ml of live red maple 
soil or the addition of sterilized red ash soil was also observed. In these cases, growth 
responses may have been influenced by P levels in the added soils. Red maple soi! (sterilized 
or not) bas high levels of extractable P (i.e. 40 mg kg-1) and sterilized red ash soi! (23 mg kg-1, 
near optimal range) contains more extractable P than the live red ash soil (8 mg kg-1, within 
very low range) (see Sawyer et al. (2002) for reference P levels (Mehlich III) for most crops). 
The difference in P levels between live and sterilized red ash soi! could be related to ganuna 
irradiation which is highly effective for sterilization, but may have some effects on soi! 
chemical properiies such as an increase in exchangeable soi! P levels (McNamara et al. 
2003) . The in1pact of ganu11a irradiation on forest soi! was higher for red ash soi! probably 
due to the high activity of earthwom1s and microbes in this Melanie Brunisol. On the one 
band, the dead earthworms and microbes following soi! sterilization have decomposed and 
thus likely increased soi! P availability by creating a short-term pulse. On the other hand, 
microbial recolonization of the soil will be required to promote mobilization of bound P 
reserves. 
The effect of soi! inoculw11 quantity varied over tin1e for EM tree growth. After one 
growing season, negative effects on birch and oak seedlings were observed when 1500 ml of 
live soi! was added, but after tinee growing seasons, those seedlings had a lar·ger diameter. 
Dickie et al. (2007) also observed that oak seedling responses varied with the quantity of 
forest soi! added as well as time. They showed that first year seedlings receiving 2 litres of 
forest soi! (instead of 200 ml or 0 ml) bad a higher EM infection rate but a lower shoot 
biomass, while third year seedlings had similar EM infection but a higher leaf mass . The 
effect on initial aerial growth may be due to resource allocation to roots and mycorrhizas. 
94 
Most effects observed after the frrst growing season did not persist. Generally, by the 
third year, tree growth was similar in all treatments. In contrast to pot studies, inoculated 
microbes could have been outcompeted by field microbes. The lack of persistent effects may 
also be due to tree roots extending with time beyond the area where forest soil was added. 
Mechanical site preparation effects on EM tree seedling growth have been found to disappear 
when roots grew beyond the modified patches in undisturbed soils covered by AM 
herbaceous plants (Simard et al. , 2003) . In our study, tlurd year growth effects were only 
observed for yellow birch seedlings, the species with the smallest root system (A. St-Denis, 
pers. obs.), previously inoculated with 1500 ml oflive red oak soil. 
3.6 Conclusion 
Adding live forest soil to tree seedlings planted in abandoned agricultural fields did not 
affect tree survival. Some positive effects of forest soil inoculation were observed on EM tree 
growth whereas few effects were observed on AM tree growth. The more important effect 
was an increase in diameter after three growing seasons for yellow birch seedlings inoculated 
with 1500 ml of red oak soil. Only one species responded negative! y to the addition of forest 
soil collected under conspecific trees, suggesting that red oak growth is sensitive to 
conspecific accumulation of soil enemies in agreement with the Janzen-Connell hypothesis. 
Future research should evaluate the reasons behind the conspecific negative effect on red oak 
growth by isolating and identifying soil pathogens. 
W e suggest that the lack of persistent effects of forest soil inoculation on tree seedlings 
was due to (1) the possible presence of mycoiThizal fungal spores in agricultural soil and in 
the seedling potting-mix; (2) the conflicting positive and negative effects of adding soil 
containing both possible beneficiai and antagonistic n1icroorganisms; (3) the low orgaruc C 
and high P levels of the agricultural soil; and ( 4) the nu trient dilution effect of ad ding a soil 
inoculum with lower nutrients to the bulk soil with higher nutrient availability. Because the 
effects of facilitation tend to increase as site fertility decreases, notably in soils with low P 
availability in the case of AM species (Smith and Read 2008; Brooker et al., 2008), a sin1ilar 
experiment may show more benefits if it was repeated on less P-rich soils (or less nutrient-
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rich in general) or on soils with low water retention capacity (ex. sand or loamy sand soils 
with a very low clay fraction). Nevertheless, this study supports the idea that planting EM 
tree species in abandoned agricultmal field soils could benefit more from the inoculation of 
forest soil microbes than AM tree species. 
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4.1 Une vue d'ensemble de la thèse 
La restauration de terres agrico les abandonnées et de fr iches herbacées est appelée à 
augmenter un peu patiout dans le monde afin de ralentir et même renverser la petie de surface 
fo restière que la planète subit depui s le début de l' expansion humaine. Elle peut aussi être 
utili sée pour créer des corridors forestiers, des habitats pour des espèces rares, pour contrer 
l' invas ion par les espèces exotiques ou pour promouvoir des biens et services écosystémiques 
(Society for Ecological Restoration International Science & Policy Working Group, 2004; 
Funk et al. , 2008). La restauration écologique joue aussi un rôle essentiel dans le maintien de 
la biodiversité et des fonctions écosystémi ques (Funk et al. , 2008) . Ainsi, la restauration doit 
viser à établir le plus grand nombre d ' espèces ayant des caractéri stiques écologiques 
diversifiées afin d 'assurer une plus grande rés ilience possible. L ' efficacité peut augmenter en 
introduisant seulement des espèces qui perfo rment bi en, mais cela pourrait ne pas maintenir 
la biodiversité (Pywell et al., 2003). Cette thèse a pernus de tester certaines teclnuques 
traditioru1elles et novatrices de restauration fo restière de terres agricoles abandonnées sur 
plusieurs espèces d' arbres de la forêt tempérée du nord-est américain. 
Nos résultats de l' expérience de J' ensemencement supportent l'hypothèse que la taille des 
semences est le principal facteur influençant l' établissement (germination + surv ie) en champ 
(Chapitre 1). De plus, nous avons montré que la germination, la survie et la croissance en 
hauteur des trois espèces d ' arbres ayant germé n' avaient pas été influencées par la prédation 
par les oiseaux ou les petits mammifères ni par la végétation herbacée. Cependant la 
végétation herbacée a eu des effets négatifs sur la croissance en diamètre du chêne rouge et sa 
biomasse aérienne. La prédati on des semences, mais surtout celle des sen1is, sont 
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normalement courantes dans les fric hes herbacées (Ostfe ld et al., 1997 ; Manson et al., 2001 ). 
Toutefois, des dommages faits par les petits rongeurs ont été vus sur les jeunes arbres plantés 
à proximité des blocs expéri mentaux de l' expérience d ' ensemencement (Chapitre 2). 
L ' abondance de nourriture sur le s ite (p lus de 15 000 arbres et a rbustes ont y été plantés 
pendant l' expéri ence « ensemencement ») a insi que la faib le taille des semis issus de 
l' ensemencement seraient à l' origine de l' absence de prédation. 
Le succès de l' ensemencement du chêne rouge et du chêne à gros fruits (Chapitre 1), 
deux espèces semi-to lérantes à l' ombre, barochores et ayant de la rges semences, est étonnant 
dans la mesure où les espèces qui co loni sent les terres agricole abandonnées sont 
habitue llement des espèces ayant de petites semences et des espèces anémochores (Hill et al., 
1995 ; D ' Orangevi lle et al. , 2008) . Cela laisse supposer que les espèces ayant des larges 
semences comme les chênes seraient absentes des fr iches herbacées non pas en raison d ' un 
faib le taux de germination ou de survie, mais bien en raison d ' un manque de géniteurs et 
d ' une faible capacité de di spersion, au contraire des espèces anémochores (Zinm1erman et al. , 
2000; McEuen et Curran, 2004). En outre, nos résultats appuient l' hypothèse que les espèces 
ayant de larges semences et étant modérément à hautement tolérantes à l' ombre germent et 
survivent bien lorsqu ' elles sont ensemencées dans les friches herbacées, comme cela avait été 
démontré en milieu tropical (Hooper et al. , 2002; Doust et al., 2006) et tempéré (De Steven, 
1991 a; Laliberté et al. , 2008a) . 
La croissance des espèces non-pionnières, modérément à hautement tolérantes à l ' ombre, 
serait toutefois davantage affectée par la compétition herbacée que les espèces pionnières, 
puisque ces dernières ont un taux de cro issance élevée qui leur permet de dépasser 
rap idement le couvert he rbacé (Doust et al. , 2008) . Dans notre étude uti li sant des j eunes 
arbres plantés en champ (Chapitre 2), nous avons effectivement constaté des taux de 
croissan ce plus é levés chez la maj orité des espèces pionnières. Cependant, ce serait la 
balance à long terme entre les taux de survie et les taux de croissance dans la végétation 
herbacée qui déterminerait si les espèces arborescentes sont inhibées par les espèces 
herbacées ou s i e lles y sont tolérantes (De Steven, 1991 b). A in i, des espèces ayant une 
99 
bonne survie peuvent être considérées to lérantes malgré des taux de croissance ralentis par la 
végétation, car e lles finiront par dépasser le couvert herbacé (De Steven, 199 1b). Cela 
s' inscrit en pa1t ie dans le modèle de succession de tolérance de Conne ll et Slatyer (1 977), 
puisque les espèces de succession tardive (les arbres) remplacent éventuellement les espèces 
pionnières ( les pl antes herbacées). Néanmoins, ces dernières peuvent quand même avo ir des 
effets de compétition sur les arbres. Au contra ire, s i la surv ie et la croissance de ce1ta ines 
espèces d ' arbres sont fortement atténuées par la végétation herbacée, alors elles s' inscrivent 
davantage dans le modèle d ' inhibition (Conne ll et Slatyer, 1977 ; De Steven, 1991b). 
En ana lysant les taux de survie et de cro issance après c inq ans des arbres plantés dans la 
végétati on et sans protection contre les petits mammifè res, nous estimons que les espèces non 
pionnières et modérément to lérantes à 1 'ombre (chêne rouge et bouleau j aune) seraient 
principalement assoc iées au modèle d ' inhibition alors que les espèces pionnières, ainsi que 
l'espèce hautement tol érante à l'ombre (érable à sucre) , seraient davantage tolérantes à la 
végétation herbacée (Chapitre 2) . Les conifères quant à eux représentent un degré plus é levé 
de to lérance car ni leur surv ie ni leur cro issance ne sont diminuées par la végétation herbacée. 
Des effets de fac ili tation ont même été détectés sur la surv ie et la cro issance en hauteur du 
mélèze laricin . La fac ilitation ne s'observe donc pas uniquement dans les milieux extrêmes 
ou xériques comme les déserts et les milieux alpins (Holmgren et al. , 1997; Brooker et al., 
2008; G6mez-Aparicio, 2009). Malgré un milieu més ique, les communautés herbacées 
aura ient agi comme des plantes protectrices (« nurse plants») pour les plants de mélèze en 
offrant un milieu plus ombragé et plus humide en surface (Callaway et Walker, 1997; 
Holmgren et al., 1997; Padilla et Pugnaire, 2006). 
Dans le cas de la faci li tation par les microorganismes de sol forestier (Chapitre 3), notre 
étude confirme que les effets sont peu imp01tants lorsque la disponibilité des nutriments d ' un 
site est grande (Jonsson et al. , 2001 ; Smith et Read, 2008; Brooker et al., 2008). Des effets de 
fac ilitation ont été observés sur la croissance des espèces d'arbres EM, mais pratiquement 
aucun effet positi f n 'a été détecté sur les espèces d 'arbres AM. Le taux élevé de phosphore (P) 
contenu dans le so l agrico le de cette expérience est l' une des raisons pouva nt expliquer le peu 
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d 'effets pos iti fs engendrés par les microorgani smes de so l fo restier aj outés sur les arbres 
plantés en champ. En effet, la colonisation des racines par les champignons 
endomycorhiziens (AM) diminue lorsque la di sponibilité en P augmente et les champignons 
endomycorhiziens (AM) sont plus efficaces lorsque le P est limi té (Wiseman et Wells, 2005; 
Smith et Read, 2008). En outre, un faible taux de carbone (C) organique dans le sol agricole 
peut auss i diminuer les effets pos itifs ou même être à l'o rigine d 'effets négatifs sur la 
croissance des jeunes arbres en raison de la demande en C par les champignons mycorhiziens 
(Jolmson et al. , 1997; Jones et Smith, 2004; Smith et al., 2009) . 
Tout comme la re lation entre le plantes herbacées et le arbres pl antés, ce lle entre les 
microorganismes et les arbres peut aussi varier des effets pos itifs aux effets négatifs . 
Toutefois, la re lation avec les mycorhizes pourra it touj ours être perçue comme du 
mutualisme si on considère que les échanges de coûts et de bénéfi ces entre l' arbre et le 
champignon mycorhizien profitent au bout du compte à la valeur adaptative (jitness) des deux 
espèces (Jones et Smith , 2004). Qu 'elle soit engendrée par les plantes herbacées ou par les 
microorganismes, nos expériences confirment que les effets de facilitation varient entre les 
espèces, au courant du cycle de vie de l' espèce et selon les conditions environnementales. 
L' autre grand résultat du chapitre trois est que seulement une espèce typique des fo rêts 
tempérées sur les quatre testées a montré des signes de rétroaction négative (« negative 
feedback »)sur sa croissance, suite à l' ajout de sol forestier recueilli sous des arbres mature 
de la même espèce. D' une prut , cela signifie que les espèces d 'arbres des forêts tempérées 
n ' ont pas la même vulnérabilité aux effets poss ibles de rétroaction négative induits par des 
ennemis microbiens communs. D'autre part, cela suppo1te l' idée que l' effet Janzen-C01mell 
ne serait pas aussi dominant en milieu tempéré qu' en milieu tropica l (Janzen, 1970; Coru1ell , 
1971; Bille Ris Lambers et al. , 2002) . 
4.2 Recherche future et recommandations 
Alor que le e pèce ayant de large semence comme le chêne pourraient être 
ensemencés, !es espèces pionnières ayant de petites semences ne semblent pas être de bonnes 
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candidates pour l'ensemencement en champ. Toutefo is, il est poss ible que nous n' ayons pas 
utili sé assez de semences pour ces espèces, dont la stratégie de reproduction est de produire 
de très grandes quantités de semences pour l' établissement de que lques semi s . Nous 
recommandons éga lement de tester l' ensemencement plus tôt au printemps car la température 
est un facteUJ important poUJ la gemùnation de plusieurs espèces (Burton et Bazzaz, 1991). 
Certaines espèces ont aussi beso in d ' un substrat humide pour germer (Godman et Kreft ing, 
1960). L 'étude pourra it donc être refaite en ensemençant davantage de semences plus tôt au 
printemps lorsque le so l est encore humide et e lle pourra it être complémentée par une 
irriga ti on afin de tester l' hypothèse de l' importance d ' un subsb·at humide pour une bonne 
germination . 
Avec notre dispos itif protégeant contre les vertébrés (o iseaux et mammifères), nous 
n' avons pas détecté de prédation des semences, mais cela ne veut pas dire qu ' il n' y en ait pas 
eu. En milieu tropica l, les fourmi s peuvent fa iJe autant de prédati on sur les semences d ' arbres 
que les ve1tébrés (Andersen, 1987 ; Woods et Elliott, 2004 ; Garcia-Orth et Martinez-Ramos, 
2008) . Les fourmis étaient très abondantes sur notre s ite d ' étude et elles ont peut-être été un 
des facteurs du faible établissement des espèces d ' arbres ayant de petites semences. La 
prédat ion et la dispers ion des semences d ' arbres par les espèces inve1tébrées pourraient donc 
y être éva luées, d ' autant plus que cela n ' a pratiquement pas été étudié en milieu tempéré 
(Hulme, 1998 ; Hulme et Borelli, 1999). 
Dans un souci de protection de l' environnement, il impo1te également de resb·e indre 
l' utilisation de matériel non biodégradable comme les paillis ou les protecteurs si les 
conditions le permettent (par exemple, faibl e ri sque de prédation) . En effet, ces matériaux 
nécess itent de retourner sur le s ite après quelques a1mées pour les retirer, ce qui n ' est pas 
toujours prévu dans les coûts d ' aménagement. Bien sûr, les espèces moins susceptibles à la 
prédation ou à la compétition herbacée comme les conifères pourra ient êb·e priv ilégiés, ma is 
dans une optique de biodi versité et de rés ilience, on ne devrait pas se limiter à celles-ci. Les 
plantations devra ient être divers ifiées et les di ffé rentes espèce devra ient être di spersées au 
se in des sites à restaurer afin de réduire la concentration à un seul endroit des effets de la 
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prédation ou des autres perturbations possibles. D 'autres techniques de plantation devraient 
être testées afin de promouvoir les relations de facilitation. Par exemple, des plantations 
diversifiées d 'espèces à croissance rapide et plus lente pourra ient être fa ites en petits î lots 
entourés d ' arbustes épineux. 
Nous avons avancé l' idée que le système racinaire superficiel du mélèze éta it l'une des 
raisons expliquant les effets de facilitation par la végétation herbacée (Chapitre 2). ll y aurait 
poss ibilité de fa ire une étude comparant la survie, la cro issance aérienne et la croissance 
racinaire d 'espèces de conifères à ce lles d 'espèces feui llues plantées dans la végétation 
herbacée ou dans un so l à nu . La moitié des arbres pourraient être arrosé afin de voir si 
l' effet possi ble de facilitation est influencé par la disponibilité en eau. 
Notre étude utili sant des transferts de sol forestier n'a pas démontré de bénéfices assez 
grands pour justifier d 'a ll er chercher du so l en forêt pour l'ajouter autour d 'arbres plantés en 
champ. Il serait toutefoi s intéressant de refaire 1 ' expérience sur des sites plus pauvres que 
celu i que nous avons utilisé afin de voi r si davantage d ' effets de faci li tation seraient observés. 
Cela pourrait être fa it dans une optique de restauration d ' anciens sites miniers par exemple. 
En ce sens, une étude menée en A laska a montré des résultats prometteurs pour la 
reforestation de terrains miniers abandor1nés (Helm et Carling, 1993). Cependant, elle utili sait 
seulement deux espèces d ' arbres (Populus balsamifera et Alnus cr;spa) qui font des 
associations à la foi s avec les champi gnons AM et avec les champi gnons EM. Les mêmes 
facteurs que ceux de mon étude pourraient être repris. L ' importance des nutriments pourrait 
être comparée à ce lle des microorgani smes de sol fo restier en ajoutant du so l stérili sé ou non, 
en petite ou en plus grande quantité (a insi qu ' un témoin), sur un site plus pau vre que le sol 
fo restier ajouté. En outre, on pourrait voir si les espèces d 'arbres EM tirent plus de bénéfices 
de transfert de ol forestier que les e pèces d 'arbres AM ur un site qui devrait contenir peu 
de deux types de mycorhize . Je recommande d ' utili ser de plants qui auront germé en serre 
dans un substrat stérili sé ou s inon de mesurer la co loni sation mycorhizierme des racines des 
arbres avant plantation. L ' identification des espèces de mycorhizes présentes sur les arbres 
avant plantation comparée aux espèces présentes que lque moi ou quelques années après 
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1 ' ajout de so l forestier ainsi que celles sur les plants du témoin aiderait à comparer les effets 
de l' abondance de la colonisation mycorhizienne aux effets de la diversité et de la spécificité. 
L ' étude pourrait auss i être menée dans une optique de changements climatiques et de 
recherche sur la migration ass istée afi n de voir si les espèces d 'arbres AM qui s' établi ssent 
dans la forêt boréale, dominée par les espèces d ' arbres EM, seraient avantagées par l'aj out de 
petites quantités de so l pris dans une forêt dominée par les espèces AM. L' étude pourrait être 
menée sur un grad ient lat itudinal de transition de la forêt feuillue à la forêt mixte, jusqu ' à la 
forêt dom inée par les conifères. E lle pourrait même être comparée à un grad ient altitudinal où 
les effets devraient être moins perceptibles puisque les spores peuvent s'y disperser par le 
vent, les animaux et les invertébrés. 
Finalement, une grande étude pourrait être entreprise afin de quantifier les effets de 
compétition, fac ilitation (ou mutua li sme) et les effets pathogènes (hypothèse de Janzen-
Connell) en fo rêt tempérée sur plusieurs espèces d ' arbres. Des arbres d ' espèces AM et EM 
pourra ient être germés en serre, dans un substrat stérili sé, pui s plantés en forêt tempéré à 
différentes distances d'un individu mature de la même espèce ou d' une autre espèce. Teste et 
Simard (2008) ont trouvé que les effets de compétition de l' arbre mère sur ses semis 
s ' observaient à moins de 2,5 met que les effets de facilitation engendrée par la cmmexion au 
réseau ectomycorhizien éta ient plus imp01tants entre 2,5 et 5 mètres de distance des arbres 
matures. Cependant, ils ne sont pas attardés aux effets possibles d ' ennemis communs 
(hypothèse de Janzen-Connell ) et ils ont fa it cette étude sur une seu le espèce (sapin Douglas) . 
S' il découle de ces études que je propose que l' effet Janzen-Co1mell est en effet peu conm1w1 
en forêt tempérée et que les transferts de sol sont utiles sur des sites pauvres, alors les sols 
pourront être pris dans une forêt dominée par des espèces d' arbres de la même association 
mycorhizie1me que les arbres plantés même si des individ us conspécifiques se trouvent dans 
cette forêt. 
Contrairement aux plantations ayant un objectif de prod ucti vité forestière , les plantations 
d 'arbres utili sées pour la restauration des terres agrico les abandonnées ne visent pas 
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nécessairement une croissance rapide. Elles ont comme objectif de créer à long terme un 
couvert d 'arbres diversifié qui permettra aux espèces typiques des fo rêts de co loniser et de 
fréquenter ces nouveaux milieux. U n écosystème est considéré comme restauré lorsqu ' il 
contient suffisamment de ressources biotiques et abiotiques pour continuer son 
développement sans assistance (Society for Ecological Restoration International Science & 
Policy Working Group, 2004). Les teclm.iques de restauration devraient donc favoriser 
davantage la survie des arbres que leur croissance rapide. A insi, plusieurs espèces d 'arbres 
peuvent être pl antées directement dans la végétation même si ce la ra lentit leur croissance tant 
que leur survie n'y est pas trop atténuée. Par contre, la protection contre la prédati on peut 
s'avérer nécessaire dans certains env ironnements. La pl antation d ' arbres de plus gros calibres 
pourra ient aussi augmenter leur survie face aux prédateurs. 
Cette thèse a montré que les taux de germination, survie et croissance varient en fonction 
des caractéristiques des espèces d ' arbres ainsi que de l' env ironnement entourant les arbres. 
Malgré leur apparence homogène, les micro-conditions environnementales des terres 
agri co les abandonnées et des friches herbacées sont variables et elles influencent les 
interactions biotiques. À l' image de l'agriculture de précision, qui tient compte de la 
va riabilité à 1' intérieur d ' un champ (Brisco et al., 1998), la restauration fo restière devrait 
donc se fa ire à une échelle plus fine que l' ensemble de la superficie du site à restaurer. En 
outre, il ne faut pas se limiter à établir que les espèces d 'arbres les plus fac iles à restaurer, 
mai s trouver des nouvelles approches simples et peu coûteuses afin de faciliter la restauration 
du plus grand nombre d 'espèce. Cette thèse constitue une contribution à l'élaboration de 
méthodes effi caces et écologiquement acceptables afin de renverser la perte de couvert 
forestier. 
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